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One of the main challenges to understand how brain works is to map out all
of the neurons as well as their activities. The requirement of breadth, depth as
well as precision triggers a search for new tools. Two-photon microscopy (2PM)
has been widely used in brain studies since its invention in 1990. However, the
fundamental limit of signal-to-background-ratio (SBR) stops 2PM from imaging
deep into biological sample.
Three-photon microscopy (3PM) combines longer-wavelength excitation
and higher order of nonlienarity to achieve deeper tissue penetration. Light at-
tenuation in thick biological tissues, caused by a combination of absorption and
scattering, limits the imaging depth in multiphoton microscopy (MPM). Both
tissue scattering and absorption are dependent on wavelengths, which makes
it essential to choose the right wavelength with minimum attenuation for deep
imaging. Tissue scattering and absorption impact the excitation and emission
light in different ways for multiphoton imaging. In this thesis, I will describe the
key points in selecting the optimum excitation wavelengths and emission wave-
lengths theoretically and experimentally. We show that the excitation wave-
length has more impact on imaging depth than emission wavelength and the
advantage of long wavelength dyes for multiphoton deep imaging is almost
entirely due to the long excitation wavelengths.
Then we applied three-photon microscopy to image the subventricular zone
(SVZ), which is a heterogeneous neurogenic stem cell niche deep in the brain.
We show 3PM visualisation of typical neural stem cells (NSC), intermediate pro-
genitors and neuroblasts in both postnatal and adult SVZ. 3PM provides the first
non-damaging opportunity to image the SVZ, distinguish cell morphologies in
live animals and has the potential of dynamically imaging stem cell lineage pro-
gression in situ at various ages.
Lastly, we did chronic neural activity imaging in Drosophila and captured
neural structure and activity through the intact fly cuticle. We performed
chronic functional imaging of odour-evoked neural activity in the mushroom
body Kenyon cells and found odour responses changed over time; sharp odour
evoked responses gradually switched to persistent neural activity. This demon-
strates that three-photon microscopy extends the time limits of the current in
vivo imaging methods used in flies for anatomical and functional imaging, and
opens up new ways to chronically capture neural activity from the fly brain.
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5.1 Three-photon scanning microscope system for imaging anatomi-
cal structures of the fly brain through the cuticle (a) Schematic of
the three-photon microscope setup. Fly head is fixed to a cover
slip and placed under the objective. The scan lens is a C-coated
achromat for high transmission (97%) at 1700 nm, and the trans-
mission of the tube lens is 82%. We use a custom high NA water
immersion microscope objective (XL Plan N, Olympus, 25×1.05
NA), which is specially coated for high transmission (83%) at
1700 nm (HWP: half-wave plate, PBS: polarization beam split-
ter, PMT: photomultiplier tube). The imaging window on the fly
head is shown in the picture in panel a (lower-left). (b) Uncom-
pressed and compressed fly head visualized under a fluorescent
dissecting microscope (scale bar = 100 µm). The same fly and
lamp brightness were used to construct both images. The un-
compressed and compressed head images are the average of 57
and 85 frames, respectively. Each averaged image was contrast
enhanced (saturated pixels = 0.3%, histogram equalized) and de-
noised (bright outliers removed with a pixel radius of 5 and a
threshold of 5) using the ImageJ Remove Outliers function. . . . 99
5.2 Three-photon structural imaging of the mushroom body
through the cuticle with 1320 nm excitation. (a) Cross section
images of the mushroom body (MB) lobes through the cuticle at
1320 nm (green). Third harmonic generation (THG) imaging vi-
sualizes the tracheal arbours (yellow). White arrows indicate dif-
ferent MB compartments that are identified. (b) 3D reconstruc-
tion of the z-stack images in Fig. 5.2a, GFP (upper panel), and
THG (lower panel) (scale bars= 30 µm). . . . . . . . . . . . . . . 100
5.3 Three-photon structural imaging of the mushroom body
through the cuticle with 1700 nm excitation. (a) Cross section
images of the mushroom body (MB) lobes through the cuticle at
1700 nm excitation. Arrows indicate different MB compartments
that are identified (scale bars= 25 µm). (b-c) The RFP and THG
profiles of small features (magenta) and the surrounding trachea
(yellow) with 1700 nm excitation. Lateral intensity profiles mea-
sured along the white lines are fitted by a Gaussian profile for
the lateral resolution estimation (scale bars=10 µm). . . . . . . . 101
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5.4 Three-photon structural imaging of the central complex through
the cuticle with 1320 nm excitation. (a) Cross section imaging of
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CHAPTER 1
INTRODUCTION AND OVERVIEW
1.1 Introduction of multiphoton microscopy
Broadly speaking, multiphoton microscopy can be referred to any microscopy
method that involves the process of nonlinear interaction of photons with
matter. Here, we will focus on two categories: two-photon excited fluores-
cence (2PEF) and three-photon excited fluorescence (3PEF). In multiphoton mi-
croscopy, as the name suggests, fluorescent molecules absorb multiple photons
(usually two/three photons) simultaneously to transition from ground states to
excited states, as opposed to only one photon absorbed in conventional fluores-
cence microscopy. Since the excited molecules emit only one photon to return
to the ground state, this emitted photon possesses higher energy than the exci-
tation photons, leading to a red shift of excitation photons compared to emitted
single photon (see Fig. 1.1).
Since its invention [5], two-photon microscopy (2PM) has found wide appli-
cations in biology due to its performance in depth penetration through scat-
tering tissues with high spatial resolution. (For reviews on two-photon mi-
croscopy, see ref. [6, 7, 18, 22, 12, 30, 11, 20]). The concept of three-photon excita-
tion (3PE) was proposed decades ago, yet, due to the limitations of laser source
and the lack of clear motivation, three-photon microscopy (3PM) has not been
brought to reality until recently [13, 15]. 3PM improves the SBR limit by another
few orders of magnitude. Together with the longer excitation wavelengths, 3PM
provides the ability to penetrate deeper into the intact mouse brain than 2PM.
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Figure 1.1: Energy diagram of different imaging modalities. (a) Two-
photon excited fluorescence (2PEF) and three-photon excited
fluorescence (3PEF). (b) Second-harmonic generation (SHG)
and third-harmonic generation (THG). Solid lines represent-
ing real energy states, dashed lines representing virtual energy
states.
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1.2 Second harmonic generation and third harmonic genera-
tion
Unlike multiphoton excited fluorescence, second harmonic generation (SHG)
and third harmonic generation (THG) are both parametric processes, in which
there is no real change in molecular state after excitation. This means that the
response time of these processes are much shorter than that of fluorescence. The
difference between 2PEF/3PEF and SHG/THG is demonstrated in Fig. 1.1.
The label-free nature of SHG and THG imaging has advantage in photo-
bleaching and phototoxicity [16]. In addition, the fact that no labeling is needed
enables imaging samples which are hard to be stained or physiology-changed
after staining.
The SHG and THG signal depends on the nth-order sus-ceptibility of the
material. SHG is good for imaging structures without inversion symmetry such
as collagen and microtubules [29, 9]. THG is more versatile since all materials
have non-zero third-order susceptibility. THG signal is used for imaging inter-
face with different refractive indices or with different nonlinear susceptibilities
[1].
Based on the slight difference of emission wavelength between 2PEF/3PEF
and SHG/THG, the two emission channels could be separated during imaging.
Implementing SHG or THG into a MPM is easy since most of the requirements
are similar except the simple change of detection filters, which is also why SHG
or THG channels always exists in parallel with multiphoton fluorescence chan-
nels.
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Specifically for THG, the thick myelin sheath structure in brain white matter,
which functions to speed up impulse propagation in nervous system, gives a
strong THG signal [8], which complements three-photon fluorescence imaging
by locating the white matter inside a live brain.
1.3 Advantage of three-photon microscopy
The advantage of 3PM in deep tissue imaging lies in two aspects. On one hand,
long excitation wavelengths used in 3PM tends to reduce tissue scattering, thus
reducing the tissue attenuation potentially. Penetration depth is determined by
the tissue attenuation. With the same level optical power imposed on the sam-
ple, less tissue attenuation allows for deeper penetration, whereas more tissue
attenuation limits the penetration depth. On the other hand, 3PE has better 3D
localization due to the use of higher (3rd) order of nonlinearity, creating orders-
of-magnitude improvement in SBR.
The requirement of simultaneous absorption of three photons gives rise to
the relation of signal proportional to the light intensity cubic:
F3P ∝ I3 (1.1)
where F3P is the fluorescence signal in 3PM, I is the excitation light intensity.
Whereas in 2PM, fluorescence is proportional to the light intensity squared,
F2P ∝ I2.
This leads to more localized fluorescence occurring at the focal point in 3PM,
which has the highest light intensity and less fluorescence excitation from out-
of-focus planes.
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1.4 Instrumental requirements for three-photon microscopy
1.4.1 Choosing the right objectives
In conventional microscopy, high NA objective is used in order to construct a
high resolution image. In general, such a high NA objective, is easier to design
with small focal length. In addition, the fixed number of imaging pixels limits
the field of view in the high-resolution image, therefore, high NA objectives
are normally associated with high magnification and small field of view. In
laser scanning microscopy, however, the situation is different since the image
is constructed by the scanning beam, and there is no limit by the pixels in the
collection channel. If the magnification of the objective is too high, the field of
view of the scanning beam will be too small. Thus, the objectives being used in
MPM should have high NA in order to generate small excitation volume, but
relatively small magnification.
Besides, from collection point of view, higher NA and low magnification ob-
jectives result in higher collection efficiency due to the large angles and collec-
tion area supported by the objective. In general, high NA and low magnification
objectives are preferred in MPM, where every emitted photon is precious.
Excitation volume vs NA for 2PM and 3PM
In multiphoton microscopy, excitation volume is a more practical term to de-
scribe the effect of 3D localization rather than full-width-at-half-maximum
(FWHM) used to describe spatial resolutions in conventional optical imaging.
In single-photon microscopy, due to the linear dependence of signal to light in-
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tensity (F ∝ I), the excitation volume is dependent on sample thickness. How-
ever, for MPM, the spatial localization property makes it independent on sam-
ple thickness as long as the sample is thick enough compared to focal volume,
enabling to utilize the term excitation volume.
Through calculations [25], we got focal volume for multiphoton excitation is
V ∝ n0 λ
3
NA4
(1.2)
Where n0 is the refractive index of objective immersion medium, λ is the excita-
tion wavelength
From this equation, larger NA leads to a tighter excitation volume, which
potentially increases the 3D localization during multiphoton imaging.
Total fluorescence excitation vs NA for 2PM and 3PM
High NA setting brings a tighter focus and better 3D localization, but shrunken
excitation volume may reduce the total signal level. The trade-off between
higher light intensity at the focus and reduced excitation volume urges us to ex-
amine the dependence of total fluorescence on NA. By integrating the excitation
distribution over the excitation volume, we get the total fluorescence excitation
for 2PE:
F ∝
∫
V
I2dV ∝ n0P
2
λ
(1.3)
For 3PE:
F ∝
∫
V
I3dV ∝ n0(NA)
2P3
λ3
(1.4)
Here we conclude that for 2PE, the total fluorescence is independent of NA,
however, for 3PE, it is proportional to the square of NA. An intuitive way to un-
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derstand this discrepancy is that the quadratic dependence on intensity in 2PM
leads to complete counteractions between the trade-off in higher focal intensity
and shrunken excitation volume. For three-photon excitation however, the cu-
bic dependence on intensity places more importance on focal intensity which
leads to an overall preference for higher NA.
Taking into account of all the above considerations, high NA objective is es-
sential in 3PM while preferred in 2PM. The common practice in multiphoton
fluorescence microscopy was to overfill the back aperture to maximize signal
and to get the highest resolution [1]. For example, under scalar approxima-
tion, 3PM and 4PM signals are proportional to NA2 and NA4 , respectively. This
means overfilling the back aperture of the objective lens maximizes the signal.
Underfilling leads to a decrease in the effective NA and signal reduction. How-
ever, we realize that in deep-tissue 3PM and 4PM, there is a competing effect
that could lead to signal reduction as the back aperture became more filled: The
rays converging at a larger angle will experience more attenuation than those
at smaller angles (see Fig. 1.1). Consequently, for fixed power deposited on the
sample after the objective lens, the more the lens filled, the smaller the signal
due to the excessive loss experienced by the large-angle rays.
1.4.2 Choosing the right lasers
3PE has a different requirement from 2PE in terms of laser specifications. The
higher order nonlinearity requires more photons to arrive simultaneously to
excite the molecule compared to two-photon scenario. This reduces the proba-
bility of excitation by orders of magnitude, which is characterized by the term
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cross section [24, 23]. The small cross section of three-photon excitation requires
higher light intensity at focal point, which can be achieved spatially and tempo-
rally.
Spatially, tighter focus is achieved by higher NA, which has been discussed
above.
Temporally, in order to achieve high photon density, an ultra-short pulsed
laser is essential for MPM. The fluorescence signal is dependent on the peak
intensity Ipeak, thus, we have
Fn ∝
∫
Inpeakdt =
(〈I〉
f τ
)n
( f τ) =
〈P〉n
( f τ)n−1
(1.5)
Where f is the repetition rate and τ is the pulse width, f τ gives duty cycle,
which indicates the faction of the pulses duration over one cycle. 〈I〉 is average
power which is given by:
〈I〉 = Ipeak ( f τ) (1.6)
So for two-photon process (n=2), the signal is inversely proportional to the
duty cycle, and for three-photon process (n=3), the signal is inversely propor-
tional to the duty cycle square. In order to get a reasonable signal, we need
laser sources with short pulse width and low repetition rate at a given average
power.
Besides boosting the signal level, it is also important to maintain low aver-
age power on the biological sample especially for in vivo imaging. The limit
for maximum power which could be put on the brain in vivo without causing
damage is dependent on wavelength. 3PM at the longer wavelength windows
lowers the maximum permissible power when compared to 2PM because of the
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strong water absorption in the long wavelength spectral range. Thus the re-
quirement of higher peak power and lower average power makes it essential to
use low-repetition-rate laser sources in 3PM.
Standard Ti-Sapphire lasers that are commonly used as excitation source for
two-photon imaging are not suitable for 3PM because their spectral range can-
not reach the longer wavelengths needed as well as their high repetition rate.
Recently, a number of new laser sources have been developed for the pur-
pose of three-photon imaging.
One option is to use fiber lasers which can supply high pulse energy (µJ) with
low repetition rate. The main difficulty is that such sources are usually fixed
around 1550nm or 1060 nm, which is not optimum for 3PM imaging. Neverthe-
less, it is possible to use such a laser in combination with soliton self-frequency
shift (SSFS) [31, 21] in a fiber or photonic-crystal (PC) rod. In this way it is pos-
sible to shift the wavelength to 1700 nm. This solution is limited though in the
pulse energy that can be transferred through the photonic-crystal rod.
Another option, which allows much higher pulse energies at long wave-
length range, is to use optical parametric amplifier (OPA) which is pumped
with a amplifier. Such systems were developed a few years ago, but they fit
mostly to the technical requirements of 3PM.
1.4.3 Choosing the right detectors
Avalanche photodiodes (APD) have internal gain comparable to normal pho-
todiodes (PD), which enables sensitive and single-photon detection. However,
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the small active area limits its applications in MPM. Due to the wide-field fluo-
rescence collection settings used in MPM, there is a need for high efficiency and
high gain detectors with large detection area. Photomultiplier tubes (PMT) are
the main currently used in MPM.
PMT utilizes photoelectric effect to convert photons to photoelectrons with
internal gain. The photocathode utilizes photoelectric effect to convert photons
to photoelectrons. The conversion efficiency is determined by the photocathode
sensitivity and is dependent on wavelengths. The photocathode material is se-
lected based on the spectral response, quantum efficiency. Several parameters
are relevant to choose among different PMTs. Spectral response is usually char-
acterized by quantum efficiency and radiant sensitivity. Quantum efficiency
(QE) is defined as the ratio of the number of photoelectrons emitted from the
photocathode to the number of incident photons.
Radiant sensitivity (S) is the photoelectric current from the photocathode di-
vided by the incident radiant power at a given wavelength, expressed in A/W.
QE and S have the following relationship: QE = 1240xS
λ
x100 (%), where λ is
the wavelength in nm.
The photocathode is usually set at high negative voltage relative to the an-
ode, so that the photoelectrons can be accelerated from the photocathode to the
dynode. Each accelerated electron can produce multiple secondary electrons
on the next dynode, thus each electron is amplified to multiple electrons. And
each generated secondary electrons will repeat the same process on the subse-
quent dynodes, thus each initial electron is amplified to multiple electrons and
eventually reach the anode to be converted to photoelectric current. The in-
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ternal gain, depending on the applied voltage, enables the detection of single
photons. The gain is defined as the ratio of the anode output current to the pho-
toelectric current from the photocathode. The dark noise is referring that there
is current even if no light is incident on the PMT, which is mainly induced by
the thermionic emission of electrons, which can be controlled by reducing the
operating temperature.
GaAsP is the most commonly used PMT for fluorescence detection at visible
range (400-650 nm). GaAs PMTs extend the spectral range to around 850 nm,
which can be used for near-infrared (NIR) fluorescence detection, with slightly
lower QE. The small effective area necessities the use of focusing lens for fluo-
rescence collection. Ultra bialkali (UBA) PMT (Hamamatsu, R7600U-200) which
is light-weight with large effective area makes it ideal for THG signal detection
(centered at 433 nm for 1300 nm excitation and 567 nm for 1700 nm excitation).
1.5 Limit the damage in three-photon microscopy
Water absorption increases dramatically when the wavelength is beyond the
range of 1um, which poses a big challenge for imaging with long excitation
wavelengths since water occupies approximately 70% of the total weight in
brain, 70% in heart and 80% in lungs of human body. The excitation spectra
window for 3PM is located in the infrared (IR) region, which overlaps with the
water absorption spectra. For this reason, the maximum average power that can
be put on the biological sample is limited in order to reduce the heating effect
especially for in vivo experiments. For in vivo 2PM in the near IR, absorption by
the blood dominates.
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The heating effect is dependent on wavelength, imaging duration and tissue
variance [17]. In general, tissue just below the surface is especially vulnerable
to linear absorption, and this is because the surface bears the highest average
power but is also eased due to the dissipation of heat with the help of cranial
window and immersion medium. One approach to limit the average power im-
posed on the sample is to increase the peak power while keeping the average
power the same. This can be easily achieved by reducing the repetition rate
of the laser pulse. The pulse energy can be calculated by the ratio of the av-
erage power to the repetition rate, so more energetic pulses can be generated
by reducing the repetition rate. However, high pulse energy tends to induce
nonlinear damage at the focal point, which sets a lower limit to the repetition
rate. Besides, 3P fluorophore saturation occurs at pulse energy typically several
times below the nonlinear ablative threshold.
1.6 Applications in neural activity imaging
MPM can measure dynamics of nervous system through fluorescence change
during imaging. Calcium ions play an essential role in cellular signaling, specif-
ically for nervous system. When a neuron is firing, calcium channels will open
and a large number of calcium ions will flow in and fill in the neuronal cyto-
plasm. The big difference in the intracellular calcium concentrations between
silent and active state makes it a perfect candidate as an indicator of neuronal
activity [10].
Calcium indicators undergo conformational change by binding to calcium
ions, and change fluorescence properties. Thus, combining with optical imag-
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ing, neuronal activity will be reflected by fluorescence change. This allows us
to watch the activity of a group of neurons simultaneously. Calcium indica-
tors provide a tool to optically probe intracellular calcium concentrations which
enables dynamic measurement of brain function. Both chemical indicators and
generically encoded calcium indicators (GECIs) are used extensively in imaging
research [19, 26].
GCaMPs [14, 3], as a group of green GECIs, are powerful fluorescent tools
for brain activity imaging due to its high sensitivity and high signal-to-noise-
ratio (SNR). More work is being done to extend the spectral window of GECIs
to add flexibility in imaging. Red GECIs [28, 4], which are a group of newcom-
ers in the field of calcium indicators, has been drawing more and more atten-
tion to neuroscientists. The advantage of less scattering using longer excitation
wavelengths gives them the potential for imaging deeper tissue. More impor-
tantly, the unique strength in combining optogenetics [2, 27] and calcium imag-
ing makes it a new favorite, which is hard to achieve for GCaMPs due to the
overlap in excitation spectra. Combining calcium imaging with optogenetics
provides a platform of optical interrogation of nervous system by simultaneous
manipulating and recording neural activity.
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CHAPTER 2
COMPARING THE EFFECTIVE ATTENUATION LENGTHS FOR LONG
WAVELENGTH IN VIVO IMAGING OF THE MOUSE BRAIN
2.1 Abstract
Light attenuation in thick biological tissues, caused by a combination of absorp-
tion and scattering, limits the penetration depth in multiphoton microscopy
(MPM). Both tissue scattering and absorption are dependent on wavelengths,
which makes it essential to choose the excitation wavelength with minimum at-
tenuation for deep imaging. Although theoretical models have been established
to predict the wavelength dependence of light attenuation in brain tissues, the
accuracy of these models in experimental settings needs to be verified. Further-
more, the water absorption contribution to the tissue attenuation, especially at
1450 nm where strong water absorption is predicted to be the dominant con-
tributor in light attenuation, has not been confirmed. Here we performed a
systematic study of in vivo three-photon imaging at different excitation wave-
lengths, 1300 nm, 1450 nm, 1500 nm, 1550 nm, and 1700 nm, and quantified the
tissue attenuation by calculating the effective attenuation length at each wave-
length. The experimental data show that the effective attenuation length at 1450
nm is significantly shorter than that at 1300 nm or 1700 nm. Our results provide
unequivocal validation of the theoretical estimations based on water absorp-
tion and tissue scattering in predicting the effective attenuation lengths for long
wavelength in vivo imaging. 1
1This chapter has been published in Biomedical Optics Express: vol 9, issue 8,
https://doi.org/10.1364/BOE.9.003534
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2.2 Introduction
Multiphoton microscopy (MPM) enables deep imaging in highly scattering bi-
ological tissues due to the use of nonlinear excitation and long excitation wave-
lengths [7, 8, 12, 21]. It has been demonstrated that the multiphoton excited
fluorescence signal within the focal volume is mostly generated by ballistic pho-
tons (photons that maintain their ballistic trajectories). When imaging deep in
scattering biological samples such as the mouse brain, the number of ballistic
photons arriving at the focus is significantly reduced due to the absorption and
scattering by the tissue [30, 9], characterized by the effective attenuation length
(EAL). The ballistic photons as a function of depth (z) can be expressed as:
Pz = P0e−
z
le . (2.1)
where Pz is the optical power at the focus, P0 is the optical power on the sample
surface, and le is the EAL.
The loss of ballistic photons reduces the fluorescence generation. In order
to obtain sufficient signal from the focus, the exponential decay of the excita-
tion light needs to be compensated by increasing the total optical power at the
surface. Obviously, with the same excitation power, less tissue attenuation (or
longer EAL) will allow for deeper tissue penetration [20].
Light attenuation in biological tissues is a combined effect of absorption and
scattering. Using mouse brain tissue in vivo as an example, at wavelengths be-
tween 700 nm and 1060 nm—the wavelength tuning range of the mode-locked
Ti:S laser—attenuation of the excitation light is completely dominated by tis-
sue scattering [11], while the absorption (mostly by blood for in vivo imaging)
is relatively low [23, 10, 14]. Longer wavelengths at approximately 1200 nm–
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1850 nm are advantageous for deep brain imaging due to the reduction of light
scattering. However, water absorption (water content is >70% in brain tissues
[22]) increases significantly in this spectral region and becomes the dominant
absorber for in vivo imaging. Both water absorption and tissue scattering con-
tribute to the attenuation of the excitation light, therefore, the optimum choice
of the excitation wavelength is a trade-off between these two factors. The theo-
retical model of calculating le (Fig. 2.1) is then [12]:
1
le
=
1
la
+
1
ls
. (2.2)
where la is the water absorption length [19], and ls is the scattering mean-free
path, calculated using Mie scattering for a tissue-like colloidal solution contain-
ing 1-µm diameter beads at a concentration of 5.4x109 beads/mL [25, 4, 26].
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Figure 2.1: Theoretical model of the effective attenuation lengths based
on water absorption and Mie scattering. The black stars indi-
cate the reported effective attenuation lengths in mouse brains
in vivo, 131 µm at 775 nm [17], 152∼158 µm at 920 nm [28],
305∼319 µm at 1300 nm [28] and 383 µm at 1680 nm [12].
Theoretical estimations based on tissue absorption and scattering predict
that the longer excitation wavelength approach is advantages for deeper tis-
sue imaging (Fig. 2.1), and previous experimental works have shown that the
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longer wavelength windows of 1300 nm [17, 1, 28, 24, 18, 5] and 1700 nm [12, 5]
outperform the shorter wavelengths, such as 775 nm [17], 800 nm [1, 31], 830 nm
[16, 15], 920 nm [25, 28, 2], by a factor of 2 to 3 times in terms of imaging depth.
However, the attenuation at these wavelengths are all dominated by scattering
(i.e., la is at least several times larger than ls). As previous experimental data all
lie close to the scattering curve (the blue line in Fig. 2.1), it indicates that scatter-
ing alone, without any consideration of the absorption, would have predicted
similar wavelength dependence. In particular, the absorption-scattering model
predicts that the long wavelength window is not one continuous window. In-
stead, it indicates that there are two windows for mouse brain imaging centered
at ∼ 1300 nm and 1700 nm, with a gap at ∼ 1450 nm due to strong water absorp-
tion (Fig. 2.1). In this paper, we compared the effective attenuation lengths at the
excitation wavelengths of 1300 nm, 1450 nm, 1500 nm, 1550 nm, and 1700 nm
in mouse brains in vivo. Our results confirm the existence of the water absorp-
tion feature in the wavelength dependence of EAL, and provide unequivocal
support for the absorption-scattering model for ballistic photon penetration.
2.3 Characterization of the excitation source at 1700 nm, 1550
nm, 1500 nm, and 1450 nm
The three-photon imaging setup is similar to that described previously [12, 21].
The excitation source was a wavelength-tunable optical parametric amplifier
(OPA, Opera-F, Coherent) pumped by a Monaco amplifier (Coherent) operating
at 330 kHz repetition rate. The excitation pulse spectra at 1700 nm, 1550 nm,
1500 nm, and 1450 nm were measured by an Optical Spectrum Analyzer (OSA,
21
Thorlabs), shown in Fig. 2.2 a.
We measured the dependence of the fluorescence from Texas Red on the exci-
tation power at 1700 nm and 1450 nm to ensure three-photon excitation (Figs. 2.2
b and 2.2 c). The generated fluorescence was detected by a photomultiplier
tube (PMT) with a GaAsP photocathode (H7422-40, Hamamatsu Photonics),
and recorded by a photon counter (SR400, Stanford Research Systems). The
slopes in the log-log plots confirmed three-photon excitation for Texas Red at
both 1700 nm and 1450 nm.
Dispersion from the optics in the microscope were pre-compensated using
a Si wafer (Edmund Optics) placed at the Brewster angle [13]. Second-order
interferometric autocorrelations were performed after the objective lens at each
wavelength (Fig. 2.3).
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Figure 2.2: (a) Measured spectra of the laser source operating at 1700 nm,
1550 nm, 1500 nm, 1450 nm and 1300 nm. Dependence of three-
photon-excited fluorescence on excitation power for (b) 1700
nm and (c) 1450 nm in logarithmic scales. The blue diamonds
are the measured data, and the red lines are linear fits to the
experimental results. The slope is indicated in each figure.
The excitation beam size at the back aperture of the objective lens impacts the
measurements of the EALs, since the marginal rays have longer path lengths in
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Figure 2.3: Measured second-order interferometric autocorrelations of the
laser pulse operating at (a) 1700 nm, (b) 1550 nm, (c) 1500 nm,
and (d) 1450 nm. The intensity full-width-at-half-maximum
(FWHM) of the pulse is indicated in each figure, assuming a
deconvolution factor of 1.54 for sech2-pulse.
the tissue and experience more attenuation than the chief rays at the center of
the lens. To ensure there is no systematic bias in the EAL measurements, we
characterized the beam size at each excitation wavelength (Fig. 2.4) using a cal-
ibrated InGaAs camera (Axiom Optics, WiDy SWIR 640). The measurements
were taken before the scanner and there is a 6x magnification from the scan mir-
rors to the back aperture of the objective lens. The beam size variation at these
wavelengths is below 6%, which has negligible impact on the EAL measure-
ments [27].
2.4 In vivo EAL measurements at 1700 nm, 1550 nm, 1500 nm,
and 1450 nm excitation wavelengths
A craniotomy was performed on a 10-week-old wild-type mouse (C57BL/6J)
and a glass window was placed directly on the intact dura for imaging. The
mouse was anesthetized using isoflurane (3% in oxygen for induction and 1.5–
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Figure 2.4: Beam size measurements at (a) 1700 nm, (b) 1550 nm, (c) 1500
nm, and (d) 1450 nm. The blue dots are the measured data, and
the red lines are Gaussian fits to the measurements. There is
some ellipticity in the excitation beam, therefore the measure-
ments were taken along both the long axis (left) and the short
axis (right). The FWHM is labeled in each figure.
2% for surgery and imaging to maintain a breathing frequency of 1 Hz). Body
temperature was kept at 37.5 ◦C with a feedback-controlled blanket (Harvard
Apparatus), and eye ointment was applied. Dextran-conjugated Texas Red
(70kDa, Invitrogen) was injected retro-orbitally for the brain vasculature label-
ing prior to imaging.
Three-photon imaging was performed in the same intact brain using four
different excitation wavelengths, in the order of 1700 nm, 1550 nm, 1500 nm,
1450 nm, and 1700 nm. The 1700 nm excitation was repeated again at the end
of the imaging session to ensure that the imaging sequence did not impact the
measurements. All imaging were done using the same fluorophore in the same
brain regions within the same mouse, which eliminated the uncertainty caused
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by the emission-wavelength difference and tissue-to-tissue variation. All im-
ages were taken at a frame rate of 0.24 Hz (512 x 512 pixels/frame) with a field
of view (FOV) of 340 x 340 µm, and 10 frames were averaged at each depth.
The detection path was kept the same for all the wavelengths in this compari-
son. Thus, the differences in the EALs were only due to the different excitation
wavelengths used.
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Figure 2.5: (a) Comparison of the fluorescence signal as a function of depth
at 1700 nm, 1550 nm, 1500 nm, 1450 nm, and 1700 nm (repeat
experiment). The dots are the measured data, and the lines
are linear fits to the measurements. With the same maximum
average power, imaging at 1700 nm excitation includes both
the neocortex (NC) and external capsule (EC), while imaging
using the other wavelengths is limited to the NC. (b) 3D re-
construction of three-photon images of Texas Red-labeled brain
vasculature, left, fluorescence, right, third harmonic generation
(THG). Imaging depths are labeled in the middle. Scale bars,
µm.
We acquired approximately 1-mm-deep z-stack, taken at 10-µm depth incre-
ment. To avoid potential tissue heating, especially at 1450 nm due to the high
water absorption, we kept the maximum average power on the brain surface
at 35 mW for all the excitation wavelengths used. Power curves (dependence
of the signal value on excitation power) were measured to ensure that no fluo-
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rophore saturation (i.e., ground state depletion) occurred at any imaging depth.
The fluorescence signal generated in three-photon microscopy (F3P) is pro-
portional to power cubic [29]. Combining Eq. 2.1, we have:
F3P ∝ P3z = P30e−
3z
le . (2.3)
We selected the average value of the brightest 1% of pixels in the x-y image
at each depth as the fluorescence signal. In three-photon microscopy (3PM),
EAL is defined as the depth at which the normalized signal attenuates by 1/e3.
By plotting the fluorescence signal as a function of depth, the EALs can be ob-
tained from the slopes of the linear fits in Fig. 2.5 a for the neocortex (NC, 0–840
µm) and the external capsule (EC, 840–1040 µm), assuming the vasculature was
labeled homogenously throughout the imaging regions. Measured EALs in the
NC at different wavelengths with an uncertainty estimation based on the 95%
confidence interval (CI) are: 391∼418 µm at 1700 nm, 337∼353 µm at 1550 nm,
272∼283 µm at 1500 nm, 207∼218 µm at 1450 nm, and 398∼422 µm at 1700 nm
(repeat experiment).
To ensure that the results are not dependent on the selection criteria for the
brightest pixels, we varied the selection criteria, and found that this variation
did not affect the EAL measurements significantly. Taking the neocortex im-
ages acquired at 1700 nm as an example, we selected 0.5% (le=400 µm, 386∼414
µm with 95% CI), 1% (le=405 µm, 391∼418 µm with 95% CI), 1.5% (le=408 µm,
394∼423 µm with 95% CI) and 2% (le=410 µm, 396∼426 µm with 95% CI) of the
brightest pixels. With all the selection criteria between 0.5% and 2%, the result-
ing EALs vary by ∼ 2.5%, which will have no impact on the conclusion of this
paper.
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We also reconstructed the images from all depths for both fluorescence signal
and third harmonic generation (THG) signal. The dense myelin layer in the
external capsule (EC) generates strong THG, which allows us to delineate the
neocortex and the external capsule (Fig. 2.5 b). Although blood is assumed to
be homogeneously distributed within the brain region, the presence of a large
blood vessel at the brain surface (see Fig. 2.6 a) results in the steeper slope at the
beginning of each decay curve (Fig. 2.5 a, 0–80 µm). Since the brightest pixels are
all within this large vessel, the fluorescence signal decays rapidly, reflecting the
fact that the attenuation length for blood is much shorter than that of the brain
tissue. The measured EALs within this large vessel (0–80 µm, top 1% brightest
pixels represented as signal) are: 117 µm at 1700 nm (97∼137 µm with 95% CI),
89 µm at 1550 nm (80∼98 µm with 95% CI), 81 µm at 1500 nm (76∼87 µm with
95% CI), 68 µm at 1450 nm (65∼72 µm with 95% CI), and 112 µm at 1700 nm
(repeat experiment, 88∼136 µm with 95% CI).
Table 2.1: Summary of in vivo EAL measurements of the neocortex (NC) in
three mice
Mouse 1700 nm 1550 nm 1500 nm 1450 nm 1700 nm (repeat)
Mouse1 405 µm 319 µm 278 µm 212 µm 410 µm
Mouse 2 350 µm 257 µm 220 µm 173 µm 348 µm
Mouse 3 370 µm 283 µm 241 µm 188 µm 370 µm
Similar measurements were repeated on different mice. The absolute EAL
values varied somewhat among the different mice, which could be caused by
variations in the surgical preparation or the individuality of the mice. Nonethe-
less, the relative trend of the EALs, i.e., le (1700 nm) > le (1550 nm) > le (1500 nm)
> le (1450 nm), holds for all the mice. Three of them are listed in Table 2.1.
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Figure 2.6: Three-photon fluorescence images of the brain vasculature (up-
per) and THG images (lower) using 1700 nm excitation. The
depths are indicated in the images. All the images are shown
with the same contrast setting with the brightest 1% pixels sat-
urated. Scale bars, 50 µm.
2.5 In vivo EAL measurements at 1300 nm and 1450 nm excita-
tion wavelengths
In order to verify the contribution of water absorption in tissue attenuation at
1450 nm, we performed an additional comparison experiment of EAL measure-
ments at 1300 nm and 1450 nm excitation wavelengths. The laser spectra at
1300 nm and 1450 nm are shown in Fig. 2.2 a. The beam sizes at both excita-
tion wavelengths were measured before the scanner (Figs. 2.7 a and 2.7 b), with
28
0 200 400 600 800 1000
Depth (µm)
-10
-5
0
Ln
 (s
ig
na
l) (
a.
u.
)
1450nm: leNC=247 µm
-400 -200 0 200 400
Time (fs)
0
2
4
6
8
In
te
ns
ity
 (a
.u
.)
71 fs
-400 -200 0 200 400
Time (fs)
0
2
4
6
8
In
te
ns
ity
 (a
.u
.)
71 fs
-5 0 5
Poistion (mm)
0
0.2
0.4
0.6
0.8
1
 In
te
ns
ity
 (a
.u
.)
1.34 mm
-5 0 5
Poistion (mm)
0
0.2
0.4
0.6
0.8
1
In
te
ns
ity
 (a
.u
.)
1.19 mm
-5 0 5
Poistion (mm)
0
0.2
0.4
0.6
0.8
1
In
te
ns
ity
 (a
.u
.)
1.36 mm
-5 0 5
Poistion (mm)
0
0.2
0.4
0.6
0.8
1
In
te
ns
ity
 (a
.u
.)
1.19 mm
(a) (b)
(c) (e)
 leEC=129 µm
1300nm: leNC=315 µm
1300nm: leNC=329 µm 
leEC=150 µm(repeat)
(d)
Figure 2.7: Beam size measurements at (a) 1300 nm and (b) 1450 nm. The
blue dots are the measured data, and the red lines are Gaus-
sian fits to the measurements. Measurements were taken along
both the long axis (left) and the short axis (right). The FWHM is
labeled in each figure. Measured second-order interferometric
autocorrelations of the laser pulse operating at (c) 1300 nm and
(d) 1450 nm. The FWHM of the pulse is indicated in the figure,
assuming a deconvolution factor of 1.54 for sech2-pulse. (e)
Comparison of the fluorescence signal as a function of depth
at 1300 nm, 1450 nm, and 1300 nm (repeat experiment). The
dots are the measured data, and the lines are linear fits to the
measurements. With the same maximum average power, imag-
ing by 1300 nm excitation includes both the NC and EC, while
imaging by 1450 nm is limited to the NC.
differences less than 1.5%. Second-order interferometric autocorrelations were
performed after the objective lens at both wavelengths (Figs. 2.7 c and 2.7 d).
The characterization method was the same as described in Section 2.3.
Because a mixture of 2- and 3-photon fluorescence from Texas Red is gen-
erated at 1300 nm excitation, we carried out this experiment separately using
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Fluorescein. Three-photon imaging was performed on the same Fluorescein-
labeled (dextran conjugate, 70kDa, Invitrogen) vasculature in an intact mouse
brain in vivo in the order of 1300 nm, 1450 nm and 1300 nm (as a repeat). The
results are presented in Fig. 2.7 e for the neocortex (NC, 0–740 µm) and the ex-
ternal capsule (EC, 740–900 µm). Measured EALs in the NC at different wave-
lengths with 95% CI are: 304∼326 µm at 1300 nm, 243∼251 µm at 1450 nm,
315∼345 µm at 1300 nm (repeat experiment). The results at 1300 nm are con-
sistent with previous studies [17, 28, 18] and are longer than that at 1450 nm.
This comparison confirmed that water absorption is a key factor in the tissue
attenuation at 1450 nm.
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Figure 2.8: Experimental data (averaged from all the measured EALs for
each wavelength, black triangles) is shown on the same plot
together with the theoretical model, indicating the accuracy
of the model at predicting the experimental measurements at
these excitation wavelengths.
2.6 Discussion
The average values of the EAL measurements at different wavelengths are plot-
ted together with the theoretical prediction (Fig. 2.8), indicating a close match
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between the experiments and theory.
Measurements of the EAL can be influenced by the excitation beam charac-
teristics. The excitation beam in the experiments with fluorescein is somewhat
different (e.g., beam diameter) from that with Texas Red, making the compari-
son of the EALs at 1450 nm obtained by the imaging results based on Texas Red
and Fluorescein difficult. Even more important, there can be variations in the
tissue properties or animal preparations (e.g., cranial window implant) when
different mice are used. For example, the EALs for three different mice varied
by approximately 20% in our measurements at 1450 nm (Table 2.1), even with
the same beam characteristics and the same fluorophore.
Our comparison results confirm that there is less light attenuation at 1300 nm
and 1700 nm than at 1450 nm. Although 1300 nm and 1700 nm are optimum in
the long wavelength window for in vivo deep tissue multiphoton imaging, the
selection between 1300 nm and 1700 nm depends on the imaging applications.
There is more tissue attenuation (shorter EAL) at 1300 nm excitation than at
1700 nm; however, 1300 nm has less tissue absorption, which allows for higher
excitation power at the brain surface. It is therefore a trade-off between the co-
efficient (P0) and the exponent (le) in Eq. 2.1, 1300 nm will be the wavelength
of choice for relatively shallow regions and 1700 nm will perform better for
pushing the absolute imaging depth, especially when the signal-to-background
ratio (SBR) is also taken into account [11]. Estimations based on the measured
EALs and the permissible average power show that 1300 nm is more appropri-
ate for imaging in the neocortex, while 1700 nm is perhaps more advantageous
for imaging subcortical regions. In addition, the choice of the excitation wave-
length certainly depends on the fluorophores. For brain activity imaging, for
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example, the robust, green fluorescent protein (GFP) based genetically encoded
calcium indicators (GECIs) such as GCaMPs [3] dictate the use of 1300 nm ex-
citation, while red fluorescent GECIs (RCaMPs, RGECOs [6]) would require the
use of 1700 nm excitation.
2.7 Conclusion
We performed a systematic study of the impact of different excitation wave-
lengths on multiphoton imaging of the mouse brain in vivo. By comparing the
effective attenuation lengths at 1300 nm, 1450 nm, 1500 nm, 1550 nm, and 1700
nm excitation wavelengths, we experimentally verified the water absorption
contribution in brain tissue attenuation, especially at 1450 nm. Our results show
that the theoretical estimations based on water absorption and tissue scattering
are accurate in predicting tissue attenuation in the long wavelength window.
This study can be used as an experimental guide of selecting excitation wave-
lengths for mouse brain imaging applications. For MPM of mouse brain in vivo,
the spectral windows of 1300 nm and 1700 nm are optimum for deep imaging.
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CHAPTER 3
IMPACT OF THE EMISSION WAVELENGTHS ON IN VIVO
MULTIPHOTON IMAGING OF MOUSE BRAINS
3.1 Abstract
Tissue scattering and absorption impact the excitation and emission light in
different ways for multiphoton imaging. The collected fluorescence includes
both ballistic photons and scattered photons whereas multiphoton excited sig-
nal within the focal volume is mostly generated by ballistic photons. The impact
of excitation wavelengths on multiphoton imaging has been extensively inves-
tigated before; however, experimental data is lacking to evaluate the impact of
emission wavelengths on fluorescence attenuation in deep imaging. Here we
perform three-photon imaging of mouse brain vasculature in vivo using green,
red, and near-infrared emission fluorophores, and compare quantitatively the
attenuation of the fluorescence signal in the mouse brain at the emission wave-
lengths of 520 nm, 615 nm and 711 nm. Our results show that the emission
wavelengths do not significantly influence the fluorescence collection efficiency.
For the green, red and near-infrared fluorophores investigated, the difference in
fluorescence collection efficiency is less than a factor of 2 at imaging depths be-
tween 0.6 and 1 mm. The advantage of long wavelength dyes for multiphoton
deep imaging is almost entirely due to the long excitation wavelengths. 1
1This chapter has been published in Biomedical Optics Express: vol 10, issue 4,
https://doi.org/10.1364/BOE.10.001905
38
3.2 Introduction
Multiphoton microscopy (MPM) utilizes nonlinear excitation to confine the
fluorescence generation within the focal volume, which allows the use of
efficient, large-area detectors for the fluorescence collection to improve the
signal-to-noise ratio (SNR) for deep imaging in scattering biological tissue
[8, 9, 28, 26, 14, 24, 21]. Light attenuation in biological tissues is a combined
effect of absorption and scattering. Multiphoton excited signal within the focal
volume is mostly generated by ballistic photons that are not scattered along the
excitation path. However, because of the wide-field geometry for fluorescence
collection in MPM, both ballistic and scattered fluorescence photons contribute
to the image formation [6]. MPM relies on efficient fluorescence generation and
collection for deep tissue penetration [10]. Understanding the transport of light
in biological tissue is important in selecting the optimum excitation and emis-
sion wavelengths for MPM. Although the advantage of using long excitation
wavelengths for MPM has been extensively explored [5, 17, 18, 31, 13, 3], the
impact of emission wavelengths on deep imaging has not been systematically
investigated before.
In this paper, we performed in vivo three-photon imaging in the same mouse
brains using the same excitation wavelengths but with green, red, and near-
infrared (NIR) emission dyes, and compared the signal attenuation in the tissue
at these emission wavelengths. To ensure that all three fluorescent dyes are
three-photon excited and there is no bleed-through of third harmonic generation
(THG) signal into the fluorescence collection channels, we did two different sets
of imaging on dye-labeled brain vasculature in vivo. One uses 1450 nm to excite
fluorescein and Texas Red, and the other uses 1700 nm to excite Texas Red and
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Alexa Fluor 647. The wavelength of the collected fluorescence is defined by
the optical filters centered at 520 nm, 615 nm and 711 nm. Our experimental
results show that the impact of the emission wavelengths on multiphoton deep
imaging (within ∼1 mm depth in the mouse brain) is small (less than a factor of
2) for the green, red and NIR fluorescent dyes investigated, and the advantage
of long wavelength dyes for deep imaging is mostly contributed by the long
excitation wavelengths.
3.3 Characterization of the three-photon imaging setup
The three-photon imaging setup is similar to that described previously [14, 24].
The excitation source was a wavelength-tunable optical parametric amplifier
(OPA, Opera-F, Coherent) pumped by a Monaco amplifier (Coherent) operating
at 330 kHz repetition rate. The excitation spectra at 1450 nm and 1700 nm were
measured by an Optical Spectrum Analyzer (OSA, Thorlabs), shown in Fig. 3.1a.
The generated fluorescence was detected by photomultiplier tubes (PMTs)
with GaAsP photocathodes (H7422-40, Hamamatsu Photonics). Three band-
pass filters, 520/15 nm (Semrock, FF01-520/15-25), 615/20 nm (Semrock, FF02-
615/20-25) and 711/25 nm (Semrock, FF01-711/25-25), were positioned in front
of the PMTs to separate the fluorescence generated by fluorescein, Texas Red,
and Alexa Fluor 647, respectively. The spectral response of the emission filters
(provided by Semrock) is shown in Fig. 3.1b. The transmission at wavelengths
>800 nm of these filters has no impact on the experiments due to the spectral
response of the GaAsP PMT (cutoff <750 nm). The emission spectra for most
fluorescent dyes are not symmetrical, and usually display long emission tails at
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the long wavelengths; however, the bleed-through between fluorescence emis-
sion spectra does not alter the measurements since the wavelengths of the de-
tected fluorescence were defined by the optical filters rather than the fluorescent
dyes. Indeed, a single fluorescent dye would be preferred in this experiment if
it could cover a broad emission spectrum from the green to the NIR.
Figure 3.1: (a) Measured spectra of the laser source operating at 1450 nm
and 1700 nm. (b) Transmission data for the three emission fil-
ters used for fluorescein (520/15 nm), Texas Red (615/20 nm)
and Alexa Fluor 647 (711/25 nm).
Three-photon excitation was chosen to compare the impact of the emis-
sion wavelength in order to suppress the generation of out-of-focus fluores-
cence background, which would introduce uncertainties in the comparison
[23, 29, 19]. To ensure that all three dyes are three-photon excited, we measured
the dependence of the fluorescence on the excitation power for fluorescein and
Texas Red with 1450 nm excitation, and Texas Red and Alexa Fluor 647 with
1700 nm excitation (Fig. 3.2). A low repetition rate of 330 kHz was used to in-
crease three-photon excitation relative to two-photon excitation for the redder
dyes in the comparisons since the ratio of three-photon to two-photon excited
fluorescence is inversely proportional to the duty cycle of the laser pulse train
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Figure 3.2: Dependence of three-photon-excited fluorescence on excitation
power for (a) fluorescein excited at 1450 nm, (b) Texas Red ex-
cited at 1450 nm, (c) Texas Red excited at 1700 nm, and (d)
Alexa Fluor 647 excited at 1700 nm. The blue diamonds are
the measured data, and the red lines are linear fits to the exper-
imental results. The slope is indicated in each figure.
[35]. The generated fluorescence was recorded by a photon counter (SR400,
Stanford Research Systems). The slopes in the log-log power-dependence plots
confirmed three-photon excitation for all the fluorescent dyes used here.
3.4 In vivo comparison of the impact of the emission wave-
lengths on deep imaging
To compare multiple fluorescent dyes excited by the same wavelengths without
systematic bias, we did simultaneous imaging of fluorescein and Texas Red ex-
cited at 1450 nm, and Texas Red and Alexa Fluor 647 excited at 1700 nm. 5-mm
craniotomies were performed on wild-type mice (C57BL/6J). A glass window
was placed directly on the intact dura of each mouse for imaging. The mouse
was anesthetized using isoflurane (3% in oxygen for induction and 1.5-2% for
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surgery and imaging to maintain a breathing frequency of 1 Hz). Body temper-
ature was kept at 37.5 ◦C with a feedback-controlled blanket (Harvard Appara-
tus), and eye ointment was applied.
The imaging conditions were kept the same for all the imaging sessions. The
pulse energy at the focus is similar at each imaging depth (< 2nJ). As shown in
Fig. 3.2, there is no fluorescence saturation at such pulse energy. Three-photon
images were acquired in 20 µm depth increment from the brain surface. The
images were taken at a frame rate of 0.24 Hz (512 x 512 pixels/frame) with a
field-of-view (FOV) of 340 x 340 µm, and 10 frames were averaged at each depth
to ensure high signal-to-noise ratio for all the images.
Since the fluorescence was acquired from the two fluorescent dyes at the
same time by separating the signal into two detection channels using the emis-
sion bandpass filters, the imaging FOV and the imaging depth of each frame is
identical for the two fluorophores. Example images are shown in Fig. 3.3.
For the comparison experiment of fluorescein and Texas Red excited at 1450
nm, dextran-conjugated fluorescein (70kDa, Invitrogen) and Texas Red (70kDa,
Invitrogen) were injected retro-orbitally at the same time prior to imaging.
Three-photon excited fluorescence was collected by the two detection channels
simultaneously. The average value of the brightest 1% of pixels in the x-y image
was selected at each depth as the fluorescence signal. To ensure that the results
are not dependent on the selection criteria for the brightest pixels, we varied the
selection criteria from 0.5% to 2%, and found that this variation did not affect
the comparison results significantly.
The fluorescence signal at the depth z (Fz) was normalized to that at the
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Figure 3.3: Three-photon fluorescence images of the brain vasculature la-
beled by fluorescein in (a) and (c), and by Texas Red in (b) and
(d). Images in (a) to (d) were acquired by using 1450 nm exci-
tation. Three-photon fluorescence images of the brain vascula-
ture labeled by Texas Red in (e) and (g), and by Alexa Fluor 647
in (f) and (h). Images in (e) to (h) were acquired by using 1700
nm excitation. The depths are indicated in the images. All the
images are shown with the same contrast setting. Scale bars, 50
µm.
surface (F0). This is defined as the normalized fluorescence signal FN , i.e., FN
=Fz/F0. FN is calculated at each depth and plotted in Fig. 3.4 a. We then calcu-
lated the ratio of the normalized Texas Red signal (FN−TR) and the normalized
fluorescein signal (FN−FL) at each depth, i.e., FN−TR/FN−FL. The results are shown
in Fig. 3.4 b.
Similarly, for the comparison of Texas Red and Alexa Fluor 647 excited at
1700 nm, dextran-conjugated Texas Red and Alexa Fluor 647 (10kDa, Invitro-
gen) were injected simultaneously into the same mouse and three-photon imag-
ing was performed. We plotted the normalized fluorescence signal FN as a func-
tion of depth in Fig. 3.5 a and the ratio of the normalized Alexa Fluor 647 signal
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and Texas Red signal at each depth (i.e., FN−AF647/FN−TR) in Fig. 3.5 b.
Figure 3.4: Simultaneous imaging of fluorescein and Texas Red using 1450
nm excitation. (a) Normalized fluorescence signal of fluores-
cein and Texas Red as a function of depth. (b) Ratio of the
normalized Texas Red signal and the normalized fluorescein
signal at each depth.
Figure 3.5: Simultaneous imaging of Texas Red and Alexa Fluor 647 using
1700 nm excitation. (a) Normalized fluorescence signal of Texas
Red and Alexa Fluor 647 as a function of depth. (b) Ratio of the
normalized Alexa Fluor 647 signal and the normalized Texas
Red signal at each depth.
We repeated the simultaneous imaging experiments as described above in
different mice with age from 8 weeks old to 6 months old (10 mice total for the
comparison between fluorescein and Texas Red, and 7 mice total for the compar-
ison between Texas Red and Alexa Fluor 647). For each mouse, we calculated
the average ratio of the normalized Texas Red and fluorescein signal at every
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100 µm depth interval, e.g., the ratios (FN−TR/FN−FL) obtained from the images
between 0 and 100 µm are averaged, and the value is plotted at the 50 µm depth
as the average ratio for the depth between 0 and 100 µm (Fig. 3.6a). Similar anal-
ysis was done for the Alexa Fluor 647 and Texas Red signal (Fig. 3.6b). We also
averaged over all mice to get an average ratio at each depth interval. The results
are summarized in Tables 3.1 and 3.2. Based on the experimental results, with
the same signal at the brain surface, the Texas Red signal is about 1.34 times the
fluorescein signal at 510-600 µm depth, and 1.43 times at 710-800 µm depth. The
Alexa Fluor 647 signal is 1.14 times the Texas Red signal at 710-800 µm depth,
and 1.14 times at 910-1000 µm depth.
Figure 3.6: (a) Ratio of the normalized fluorescence of Texas Red and flu-
orescein averaged every 100 µm depth interval in 10 different
mice. Each color/marker represents a different mouse. (b) Ra-
tio of the normalized fluorescence of Alexa Fluor 647 and Texas
Red averaged every 100 µm depth interval in 7 different mice.
Each color/marker represents a different mouse.
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Table 3.1: Ratio of the normalized fluorescence of Texas Red and fluores-
cein for all 10 mice at 100 µm depth interval.
Depth Range (µm) Average Ratio Minimum Ratio Maximum Ratio
0-100 1.03 0.92 1.25
110-200 1.07 0.88 1.26
210-300 1.15 0.99 1.35
310-400 1.20 1.03 1.39
410-500 1.24 1.11 1.39
510-600 1.34 1.13 1.68
610-700 1.32 1.15 1.50
710-800 1.43 1.25 1.61
3.5 Discussion
Although the comparison experiments were performed by three-photon mi-
croscopy to reduce the out-of-focus background, the results also apply to two-
photon microscopy. In order to put our results into proper context, we discuss
several important considerations below, such as interaction between the dyes
and the difference in the detection path between the two collection channels.
We will then compare our experimental results with estimations obtained from
the photon diffusion approximation.
3.5.1 Variations between imaging sessions
In order to calibrate the interaction between the dyes and investigate the differ-
ence in the detection path between the two collection channels, we must per-
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Table 3.2: Ratio of the normalized fluorescence of Alexa Fluor 647 and
Texas Red for all 7 mice at 100 µm depth interval.
Depth Range (µm) Average Ratio Minimum Ratio Maximum Ratio
0-100 1.02 0.90 1.08
110-200 1.01 0.89 1.18
210-300 1.08 0.90 1.31
310-400 1.06 0.90 1.27
410-500 1.09 0.90 1.23
510-600 1.11 0.99 1.29
610-700 1.13 1.02 1.32
710-800 1.14 1.01 1.40
810-900 1.22 1.09 1.48
910-1000 1.14 0.94 1.50
form multiple imaging sessions on the same mouse. Therefore, we first cali-
brated the variations between different imaging sessions by performing three-
photon imaging of the same dye in the same mouse brain repeatedly. The detec-
tion path including the detectors and the collection optics was kept the same for
all the fluorescent dyes. For each dye, two imaging sessions were performed on
the dye-labeled blood vessels and the normalized fluorescence signal is plotted
as a function of depth for fluorescein excited at 1450 nm (Fig. 3.7 a), Texas Red
excited at 1450 nm (Fig. 3.7 b), Texas Red excited at 1700 nm (Fig. 3.7 c), and
Alexa Fluor 647 excited at 1700 nm (Fig. 3.7 d). We then calculated the differ-
ence between the two imaging sessions at each depth. After averaging over all
depths, we find a difference of 32%, 35%, 29% and 15% for the data presented
in Fig. 3.7 a, 3.7 b, 3.7 c and 3.7 d, respectively. The difference is mostly caused
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Figure 3.7: Variations between sequential imaging sessions. (a) Normal-
ized fluorescein signal excited at 1450 nm as a function of
depth. (b) Normalized Texas Red signal excited at 1450 nm
as a function of depth. (c) Normalized Texas Red signal excited
at 1700 nm as a function of depth. (d) Normalized Alexa Fluor
647 signal excited at 1700 nm as a function of depth.
by the depth difference between the two imaging sessions since it′s difficult to
match the imaging depth exactly in two sequential imaging sessions, especially
with the 20 µm depth interval in our experiments. We note that such difficulties
do not exist in our comparison experiments where simultaneous imaging of the
two dyes was performed. These variations between the imaging sessions will
be used as references in the following discussion.
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3.5.2 Interaction between the dyes
Figure 3.8: Investigation of the interaction between the dyes in simultane-
ous imaging. (a) Normalized fluorescein signal with and with-
out the existence of Texas Red. The average difference for the
fluorescein signal is 23% (b) Normalized Texas Red signal with
and without the existence of fluorescein. The average differ-
ence for the Texas Red signal is 17%. (c) Normalized Texas Red
signal with and without the existence of Alexa Fluor 647. The
average difference for the Texas Red signal is 20% (d) Normal-
ized Alexa Fluor 647 signal with and without the existence of
Texas Red. The average difference for the Alexa Fluor 647 sig-
nal is 24%.
Interaction between the dyes could be a concern, e.g., the emission of the
bluer dye may potentially excite the redder dye. Therefore, we compared the
imaging results with and without the presence of the second dye. To test
whether the presence of Texas Red alters the signal attenuation of fluorescein
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in the mouse brain, we first imaged fluorescein. Then Texas Red was injected
into the mouse, and fluorescein was imaged again with the presence of Texas
Red. The results are shown in Fig. 3.8 a. We performed similar experiments for
the dyes in all possible combinations, and the results are summarized in Fig. 3.8.
With the same signal level at the brain surface (normalized to 1), the average dif-
ference for the fluorescein signal with and without the presence of Texas Red is
23% (Fig. 3.8a), which is comparable to the variations between imaging sessions
discussed in Section 3.5.1. Similar results are obtained for all the other dye com-
binations (Fig. 3.8), which confirmed that the presence of a second dye in the
simultaneous imaging experiments has negligible impact on the imaging of the
first dye.
3.5.3 Difference between the collection channels
Figure 3.9: Simultaneous imaging before and after channel swapping. (a)
Normalized fluorescence signal of fluorescein and Texas Red as
a function of depth for the two simultaneous imaging sessions
before and after channel swapping. (b) Normalized fluores-
cence signal of Texas Red and Alexa Fluor 647 as a function of
depth for the two simultaneous imaging sessions before and
after channel swapping.
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To verify that the difference in the collection path for the two channels in
simultaneous imaging does not alter the results, we performed experiments by
swapping the collection channels. For the comparison of fluorescein and Texas
Red excited at 1450 nm, we first performed simultaneous three-photon imag-
ing with channel 1 (ch 1) for fluorescein and channel 2 (ch 2) for Texas Red.
We then repeated the imaging experiment by swapping the two channels, with
channel 1 for Texas Red and channel 2 for fluorescein. The results are shown
in Fig. 3.9 a. We compared the signal level before and after channel swapping,
and found that there is an average difference of 9% and 15% for fluorescein and
Texas Red, respectively, which is within the variations between imaging ses-
sions. We also performed the same channel-swapping experiments for the com-
parison of Texas Red and Alexa Fluor 647 excited at 1700 nm (Fig. 3.9 b). The
average signal difference before and after channel swapping is 21% for Texas
Red and 8% for Alexa Fluor 647, which is again within the variations between
imaging sessions. This set of experiments proved that the slight difference in
the signal collection path between channel 1 and channel 2 does not introduce
significant systematic bias in the comparison results.
3.5.4 Diffusion theory and Beer′s law predictions
Diffusion theory can be used to estimate the light transport in biological tissues
based on the tissue optical properties, such as absorption coefficient (µa), scat-
tering coefficient (µs), and anisotropy factor (g).
For the mouse brains in vivo, blood absorption dominates the absorbance
at the wavelengths investigated in this paper. Oxy-hemoglobin (HbO2) and
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Figure 3.10: Diffusion theory of emission light transport at different wave-
lengths for mouse brain in vivo. (a) Effective attenuation
length of emission light calculated by the modified solution
of diffusion theory, Eq. 2. (b) The collected fluorescence at the
brain surface from a depth of 600 µm, 800 µm, 1 mm, and 1.6
mm based on the calculated effective attenuation length. The
transmission data for the three emission filters used in imag-
ing are also shown.
deoxy-hemoglobin (HbR) are the main optical absorbers in biological tissue in
the visible spectral range [1]. Based on the reported values for oxygen saturation
(sO2) measurements, we assume that all the hemoglobin in the arteries are HbO2
while the veins contain 75% HbO2 and 25% HbR [32, 40, 39, 15, 11, 36, 33, 27, 37].
Thus, the absorption coefficient for the veins µvein and the arteries µartery can be
expressed based on the relative concentration of oxy- and deoxy-hemoglobin:
µvein = 0.75 µHbO2 +0.25µHbR and µartery =µHbO2 . Assume that there are 70% veins
and 30% arteries in the mouse brain vasculature in vivo [16], the effective blood
absorption coefficient µb is µb = 0.7 µvein +0.3µartery.
Calculated from the 2-dimensional three-photon images we took, we found
that there is an average of 5% (standard deviation 0.5%, from all 17 mice) blood
volume in the imaged brain regions. However, this likely over-estimates the
blood volume concentration because the axial resolution (approximately 4 µm
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in our experiments [14]) is comparable to the size of the capillary vessels. Nev-
ertheless, the small standard deviation indicates that the blood content for the
mice we imaged is overall very consistent. On the other hand, previous mea-
surements using high-resolution 3-dimensional re-construction showed that the
blood volume concentration in the same mouse brain region is approximately
3% [34]. Using 3% as the blood volume concentration, the effective absorption
coefficient (µa) can be estimated as: µa =0.03µb =0.03 x (0.825µHbO2 +0.175µHbR).
The effective absorption length (1/µa) is plotted in Fig. 3.10 a.
To estimate the scattering coefficient µs and the anisotropy factor g in the
brain tissue, Mie scattering is used for a tissue-like colloidal solution containing
1-µm diameter beads at a concentration of 5.4x109 beads/mL [7, 22, 30]. The
scattering mean free path (MFP, ls=1/µs) is also plotted in Fig. 3.10 a.
Radiative transfer equation (RTE) can be used to model the photon migration
in biological tissues. The diffusion approximation of RTE provides an analyti-
cal solution for cases where the absorption of the tissue is negligible compared
to the scattering, and the light sources and detectors are far apart so that the
photon trajectories can be treated as diffuse. The transport MFP, defined by
lt = ls/(1 − g), describes the average distance over which a photon loses the
memory of its initial direction. When the imaging depth (z) is much larger than
the transport MFP of the emission photons (z ≤ lt), the emitted photons are in
the diffusive regime, and the diffusion approximation is well suited to model
their propagation [12, 20].
Solving the diffusion equation for the simple case of a time-independent
point source in an infinite homogeneous medium, we can find the effective at-
tenuation coefficient [2]:
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µe f f =
√
(3µa[µa + µs(1 − g)]) (3.1)
This simple model needs to be modified in order to apply to the visible spec-
tral regions in vivo where tissue absorption is not negligible. A modified solu-
tion of the diffusion equation with a weighted dependence on the absorption
coefficient can be written as:
µe f f =
√
(3µa[αµa + µs(1 − g)]) (3.2)
Here we use α = 0.5 based on the calculations and experimental validations
for a highly anisotropic scattering medium (g<0.8) [4, 25, 38]. Using Eq. 3.1,
we plot the effective attenuation length (le=1/µe f f ) in the mouse brain in vivo in
Fig. 3.10 a.
The ratio of the normalized fluorescence signal from the same point source
at depth z for two different emission wavelengths λ1 and λ2 is:
Ratio(z) =
e
− zleλ2
e
− zleλ1
(3.3)
We calculated the transmission spectrum (Fig. 3.10 b) of a point emitter at
depths of 600 µm, 800 µm, 1 mm, and 1.6 mm in the mouse brain using Eq. 3.3.
We find that the ratio for the emission between 615 nm and 520 nm is 1.72 at
z=600 µm and 2.07 at z=800 µm. The ratio for the emission between 711 nm and
615 nm is 1.16 at z=800 µm and 1.21 at z=1 mm.
As seen from Fig. 3.10, absorption by the brain tissue is relatively small at
imaging depth < 1 mm for the green, red and NIR wavelength investigated. This
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is the main reason that the impact of the emission wavelength on multiphoton
imaging is small. On the other hand, as we push the imaging depth further, the
impact of the emission wavelength will become more important. For example,
the difference between red and green emissions at 1.6 mm is ∼ 4.27.
The estimation using the diffusion approximation matches well with the ex-
perimental data for the red and NIR fluorophores. On the other hand, our ex-
perimental results showed that the difference in signal collection between green
and red fluorescence is less than a factor of 1.5, while the diffusion theory pre-
dicts the difference to be close to a factor of 2. The small discrepancies between
experimental results and diffusion theory could be caused by several factors
such as the difference in blood concentration. Table 3.3 summarizes our experi-
mental data and the estimations using Eq. 3.2 at various blood volume concen-
trations. As the blood concentration is lowered, the experimental results and
the estimations get closer.
Table 3.3: Summary of the experimental results and theoretical calcula-
tions with different blood concentrations.
Data
ratio 615/520 at
600 µm
ratio 615/520 at
800 µm
ratio 711/615 at
800 µm
ratio 711/615 at
1 mm
Experimental results 1.34 1.43 1.14 1.14
Estimation with 2% blood 1.53 1.77 1.13 1.16
Estimation with 2.5% blood 1.63 1.92 1.15 1.19
Estimation with 3% blood 1.72 2.07 1.16 1.21
Estimation with 3.5% blood 1.82 2.22 1.18 1.22
Estimation with 4% blood 1.92 2.38 1.19 1.24
In this paper, we used narrow bandwidth filters to define the wavelength
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detected precisely. In practical fluorescence imaging, where broader bandwidth
filters or even long-pass filters are usually used to improve the fluorescence
collection efficiency. In order to evaluate the emission transmission efficiency
under the practical fluorescence collection settings, we performed calculations
by combining the fluorescence emission spectra (provided by Thermo Fisher
Scientific) and the calculated tissue transmission spectrum in Fig. 3.10 b with
commonly used broad bandwidth (40 nm bandwidth) filters centered at 530 nm
for fluorescein, 610 nm for Texas Red, and 660 nm for Alexa Fluor 647. We
further performed calculations with no filters at all and allowed the entire emis-
sion spectrum to be detected. The calculated results are summarized in Table
3.4. Compared to the results in Table 3.3, the differences caused by the filter
settings are small (< 10%).
Table 3.4: Summary of the fluorescence transmission ratios for fluorescein
(FL), Texas Red (TR) and Alexa Fluor 647 (AF647) with 40-nm
bandwidth filters and with no filters at all (full emission spec-
trum). The blood volume concentration is assumed to be 3%.
Data
ratio TR/FL at
600 µm
ratio TR/FL at
800 µm
ratio AF647/TR at
800 µm
ratio AF647/TR at
1 mm
Filters with
40 nm bandwidth
1.83 2.25 1.02 1.06
Full spectrum 1.85 2.25 1.13 1.16
Beer′s law is a more straightforward and accessible method compared to the
diffusion theory in predicting the absorbance of photons especially for the high
absorption regimes such as for the green fluorophores. Here we used Beer′s
law to calculate the transmission spectra through various thickness of the brain
tissue, assuming a uniform concentration of hemoglobin. To be consistent with
57
Figure 3.11: Beer′s law calculations of emission light transmission from a
depth of 600 µm, 800 µm, 1 mm, and 1.6 mm as well as the
emission light transmission through a 50-µm-diameter vessel.
the diffusion approximation, we used the same oxygen saturation value (82.5%)
of the whole blood and the blood concentration (3%). Fig. 3.11 shows the trans-
mission spectra at depths of 600 µm, 800 µm, 1 mm, and 1.6 mm in the mouse
brain. The ratio for the emission between 615 nm and 520 nm is 1.25 at z=600
µm and 1.35 at z=800 µm. The ratio for the emission between 711 nm and 615
nm is 1.02 at z=800 µm and 1.03 at z=1 mm. Fig. 3.11 better predicts the shorter
wavelength transmission ratio but underestimates the measurement results in
the longer wavelength regime. On the other hand, Fig. 3.11 significantly over-
estimates the absolute transmission through the brain tissue at all wavelengths
by not accounting for tissue scattering (i.e., the zig-zagging photon path).
By comparing the fluorescence signals across the entire FOV, our results rep-
resent the average signal attenuation at various depths. Because of the heteroge-
nous nature of the brain tissue, however, locally large variations of attenuation
could occur. For example, fluorescence emitted directly below a large diameter
blood vessel could have a much stronger dependence on the emission wave-
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length than those measured in this paper. To illustrate this argument, we show
the transmission of fluorescence through a 50-µm-diameter vessel using Beer′s
law in Fig. 3.11. The ratio for the transmission between 615 nm and 520 nm is
1.87, which is larger than what we measured at 0.8 mm deep. A possible exam-
ple of this phenomenon was observed experimentally in a previous publication
(Fig. 5 of ref. [17]).
3.6 Conclusion
We systematically compared the emission attenuation of green, red and near-
infrared fluorophores by three-photon imaging of the mouse brain in vivo. Based
on the experimental results, we found that, within 1 mm depth in the mouse
brain, the attenuation of the green fluorescence (∼ 520 nm) is slightly higher
than the red fluorescence (∼ 615 nm) fluorescence, with the difference being
1.34-1.43 times for imaging depths of 0.6 to 0.8 mm. The attenuation of the
near-infrared fluorescence (∼711 nm) is comparable (within ∼ 14%) to the red
fluorescence. The reason for the small impact of emission wavelength on fluo-
rescence attenuation with depth is that the collected fluorescence is contributed
by both scattered and ballistic photons, whereas the signal generation within the
focal volume is mainly contributed by ballistic photons. Our results show that
the advantage of long wavelength dyes for multiphoton deep imaging is mainly
due to the long excitation wavelengths, and the impact of emission wavelengths
on multiphoton imaging depth is negligible for imaging within the superficial 1
mm of the mouse brain.
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CHAPTER 4
DEEP THREE-PHOTON IMAGING OF THE SUBVENTRICULAR ZONE
STEM CELL NICHE IN LIVE MICE
4.1 Abstract
The subventricular zone (SVZ) is a heterogeneous neurogenic stem cell niche
so deep in the brain that non-invasive live imaging has been a major challenge.
SVZ cell subtypes have been extensively described in histological or ex vivo slice
preparations but how these techniques affect cell morphology is unknown. We
developed and adapted three-photon microscopy (3PM) for non-invasive deep
brain imaging in live animals. However, its utility in imaging the SVZ niche
was unknown. Here we show 3PM visualisation of typical neural stem cells
(NSC), intermediate progenitors and neuroblasts in both postnatal and adult
SVZ. Imaging included the whole SVZ and extended to a maximum depth of
1.5 mm from the dura matter. 3PM detected the fine processes of radial glia-
like NSC and their physical interaction with niche vasculature with subcellular
resolution. Importantly we did not observe any overt signs of inflammation
due to the microscopy. 3PM thus provides the first non-damaging opportunity
to image the SVZ, can distinguish cell morphologies in live animals and has the
potential of dynamically imaging stem cell lineage progression in situ at various
ages.
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4.2 Introduction
The subventricular zone (SVZ) is a specialised niche lining the lateral ventricles
that contains neural stem cells (NSC). It has been extensively characterized at
the cellular level and is a robust system for neurodevelopmental mechanism
discovery [16, 23, 39]. The SVZ is important for perinatal brain development, as
one of the main sources of forebrain glia [22] and olfactory bulb (OB) neurons
[1]. This stem cell niche can be stimulated to increase neurogenesis, which limits
neuronal injury and neurodegeneration [44]. On the dark side, SVZ stem cells
can be tumorigenic, for example transformation by the IDH1R132H mutation in
SVZ is accompanied by glioma [5]. Importantly there is firm evidence that the
human SVZ is neurogenic during early postnatal life and, in addition to the OB
[35], may supply interneurons to the cerebral cortex [31]. Proliferation in the
SVZ has been detected histologically [13]. With 14C birth-dating method, one
study suggested newborn neurons migrate into the adjacent caudate nucleus
[14].
SVZ neurogenesis consists of multiple dynamic cell functions, including
neural stem cell (NSC) activation, transit amplifying progenitor (TAP) cell pro-
liferation, neuroblast migration and differentiation. However the SVZ has not
been visualised in intact live animals, with the greatest hurdles being its deep
location. The highly heterogeneous brain tissue also causes unacceptable pho-
ton scattering of short two-photon wavelengths. Nevertheless, two-photon mi-
croscopy (2PM) imaging of ex vivo slice cultures has been used to analyse neu-
roblast migration in the SVZ and rostral migratory stream (RMS) [29, 17, 25].
We previously showed that rostral neuroblast migration was interspersed with
local exploratory movements, periods of immobility, dorsoventral and caudal
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migration. However, differences in the culture media and in vivo extracellular
fluid can affect NSC proliferation and fate choice and it is unclear how accu-
rately slice culture reflects other cell dynamics in vivo [37]
Intravital 2PM is restricted to approximately the surface 500 microns of tis-
sue but the SVZ and SGZ are more than twice as deep. Therefore others have
used cortical windows and 2PM in the brain of live mice to image the SGZ stem
cell niche [33, 32]. One study generated excellent data over two months and
followed individual clones of cells as they expanded and differentiated [32].
Whereas powerful insights into adult neurogenic niche biology can be gathered
with this approach, it can be argued that it is in fact a lesion model, a type of
traumatic brain injury. We and others have shown that cortical lesions ranging
from thin needle stabs to wide aspiration lesions activate neurogenic niches and
parenchymal astrocytes [40, 10, 11].
Another approach is coupling of 2PM with gradient reafractve index (GRIN)
lenses, lowered into the live brain [28]. GRIN lenses have recently been used to
rapidly image behaviourally-relevant changes in SGZ neural activity and found
that increasing neurogenesis inhibits activation of neurons by social stress [2]. In
our hands GRIN lens approaches caused moderate inflammation and the devel-
opment of a gliotic scar, which is not surprising given that the lenses range from
a few to several hundred microns in diameter [21]. Potential imaging-induced
inflammation in or around neurogenic niches must be approached cautiously
as inflammation can be rapid and long-lasting and is well known to alter neu-
rogenic niche cell behaviours [12, 27, 18, 6].
To overcome these problems, we developed the use of three-photon mi-
croscopy (3PM) to perform non-invasive imaging using lasers that pump pho-
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tons at long wavelengths of 1,700 nm which significantly reduces the photon
scattering problem. 3PM achieves unprecedented penetration depth in imag-
ing biological tissues by combining improved nonlinear confinement and re-
duced tissue scattering at long wavelengths [15, 30, 41]. In this method, a fluo-
rophore is excited by the simultaneous absorption of three photons of infra-red
wavelength. As the wavelength is three times longer than that needed for con-
ventional (single photon) fluorescence excitation, it can lie in the range where
scattering and absorption are much lower. 3PM also exhibits high resolution,
improves signal to background ratio, captures frames every tens of seconds and
is compatible with a wide range of fluorophores. However it was unclear if 3PM
could be used to study the deep subcortical SVZ with subcellular resolution to
explore cell diversity during lineage progression. Here we shown that with 3PM
the cellular morphologies of different cell types were successfully identified in
the SVZ, at a maximum depth of ∼ 1.5 mm.
4.3 Materials and Methods
4.3.1 Fluorescent dye preparation
CellTracker Orange (C34551), CellTracker Red (C34552) and CellTracker CM-
DiI (C7000) were purchased from Life Technologies. CellTracker Orange and
CellTracker Red were dissolved in 100% DMSO (Sigma) to a final concentration
of 10 mM. CellTracker CM-DiI was dissolved in DMSO to the final concentration
of 2 mM. 0.1% Fast Green was added to dyes for tracing ventricular injection
when necessary.
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4.3.2 Mice and brain injection
Nestin-CreERT2 (016261) [20] and Ai9 (007909) lines were purchased from the
Jackson Laboratory. In Nestin-CreERT2+/-;Ai9+/- mice, tamoxifen (Sigma,
150mg/kg) was injected intraperitoneally once daily for 5 consecutive days.
CD1 mice were used for dye injection postnatal experiments and C57BL/6J mice
for dye injection adult experiments. The postnatal lateral ventricle injection was
performed as previously published [39]. In brief, the pups were anesthetized by
hypothermia. 0.5-1 µl fluorescent dye was injected and the pups were recovered
in a 37◦C warming box before returning to the dam. For adult lateral ventricle
injections, the mice were first anesthetized with isoflurane and 2 µl fluorescent
dye was injected. The stereotactic coordinates from Bregma were as follows: -
0.75 mm (AP), 1.2 mm (ML) and -1.9 mm (DV) [7]. A craniotomy window was
performed for imaging and a glass window affixed (for SVZ imaging, the win-
dow was approximately the size of the area surrounded by the sagittal, coronal
and lambdoid sutures). Animal procedures were reviewed and approved by
the Cornell Institutional Animal Care and Use Committee. Excluding surgical
complications, imaging was successful in 8/8 pups and 5/10 adults.
4.3.3 3PM imaging
Excitation source
The excitation source is a wavelength-tuneable optical parametric amplifier
(OPA, Opera-F, Coherent) pumped by a femtosecond laser with a MOPA (Mas-
ter Oscillator Power Amplifier) architecture (Monaco, Coherent) operating at
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1650 nm. A silicon wafer is used to compensate for the dispersion of the optics
of the light source and the microscope including the objective. The laser repeti-
tion rate is maintained at 333 kHz with a maximum power of 55 mW under the
objective lens.
Imaging setup
The images were acquired with a custom-built multiphoton microscope with a
high-numerical aperture objective (Olympus XLPLN25XWMP2, 25X, NA 1.05).
Two detection channels were used to collect the fluorescence signal and the
third harmonic generation (THG) signal by photomultiplier tubes (PMT) with a
GaAsP photocathode (H7422-40, Hamamatsu). For RFP imaging at 1650 nm, we
used a 593 nm long-pass filter (FF01-593/LP-25, Semrock) for fluorescence and
a band-pass 562/40 nm filter (FF01-562/40-25, Semrock) for THG collection. For
signal sampling, the PMT current is converted to voltage and low-pass-filtered
(20 kHz) by a transimpedance amplifier (C7319, Hamamatsu). Analog-to-digital
conversion is performed by a data acquisition card (NI PCI- 6110, National In-
struments). The signal acquisition system displayed shot-noise limited perfor-
mance, and light shielding was carefully done to achieve dark counts of 20-40
photons per second under actual imaging conditions without laser scanning.
ScanImage 3.8 (Vidrio Technologies) running on MATLAB (MathWorks) was
used to acquire images and control a 3D translation stage to move the sample
(MP-285, Sutter Instrument Company). All imaging depths and thickness are
reported in raw axial movement of the motorized stage. High resolution struc-
tural images were typically taken with 512x512 pixels/frame, 0.24 Hz frame
rate, and multiple frame averages at each depth.
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4.3.4 Immunohistochemistry and confocal imaging
Immunohistochemistry was performed as previously published [39]. In brief,
3PM imaged mice were perfused and brains were fixed with 4% PFA. Brains
were sectioned coronally at 30 µm with a microtome and immunohistochem-
istry carried out on free-floating sections. Sections were blocked with PBS+
(10% donkey serum, 0.1% Triton-X in PBS) and incubated with primary antibod-
ies overnight at 437, followed with Alexa fluor-conjugated secondary antibodies
(Invitrogen). The following primary antibodies were used: rat anti-GFAP (1:500,
Invitrogen 130300), goat anti-Dcx (1:100, Santa Cruz sc-8066), goat anti-Iba1
(1:500, Abcam ab5076), rabbit anti-S100β (Dako Z031129-2), mouse anti-Mash1
(1:100, BD Biosciences 556604). DAPI (Sigma) was used for counterstaining cell
nuclei blue before mounting. Zeiss confocal scanning microscopes (Model 710
or 800) were used for image acquisition. 1 µm intervals were used for Z-stack
scanning.
4.3.5 Image analysis
All images were processed with ImageJ and Imaris (Bitplane). For cell type
identification based on morphology, images were filtered with ImageJ 3D suite
(Median).
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Figure 4.1: 3PM experimental setup and imaging of postnatal SVZ with
CTR and DiI (A) Main elements of the 3-photon microscope
design. (B) The spectra of the laser (yellow) and excitation
(dashed lines) and emission (solid lines) spectra of DiI, Cell-
Tracker Red, and CellTracker Orange used for 3-photon imag-
ing. Data for the fluorescent dyes were obtained from Life
Technologies, USA.
4.4 Results
We used a custom-built 3PM (Fig. 4.1A). The excitation source was a
wavelength-tuneable optical parametric amplifier (OPA, Opera-F, Coherent) op-
erating at 1650 nm to match the excitation wavelength of the fluorescent dyes
used in this study. The spectra of the excitation source were confirmed by an
Optical Spectrum Analyzer (OSA205C, Thorlabs), shown in Fig. 4.1B. Bandpass
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Figure 4.2: Validation of 3PM in postnatal SVZ imaging (A) A schematic
of LV injection in postnatal day 1 (P1) pup and confocal imag-
ing of a representative brain section labelled with CTO (red)
and DAPI (blue), 2 days post injection. (B) 3D reconstruction
from 0-1472 µm below the pial surface (red, CTO fluorescence;
green, THG). (C-D) Selected XY frames at different depths in
(B). (E) 3D reconstruction of white matter and SVZ of pups in-
jected with CTR. (F) 3D reconstruction of white matter and SVZ
of pups injected with DiI. Scale bars represent 500 µm in A, 200
µm in B, 50 µm in C and D, 100 µm in E; 80 µm in F.
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Figure 4.3: Validation of 3PM in adult SVZ imaging (A) Confocal imaging
of a representative adult brain section labelled with CTO (red)
and DAPI (blue) at 3dpi. (B) 3D reconstruction of white mat-
ter (THG) and CTO-labelled SVZ from the depth of 1050-1400
µm in an adult mouse (red, CTO fluorescence; green, THG).
(C-D) Selected XY frames at different depths in (B). Scale bars
represent 1000 µm in A, 100 µm in B, 30 µm in C and D.
filters were added in the detection paths to separate third-harmonic generation
(THG) signal from fluorescence signal. THG is generated at the interface of ma-
terials with different third-order susceptibility [4]. In this study, we used THG
to locate corpus callosum (CC) white matter depth as the SVZ lies immediately
below the CC. CellTracker Orange (CTO) was injected into the lateral ventricle
(LV) of P0-P1 pups under anaesthesia and imaging was performed 3 days post
injection (dpi) (Fig. 4.2A). We acquired approximately 1500 µm stacks (Fig. 4.2B,
C, D). CTO fluorescent signals were found throughout the stack, but predomi-
nantly below 1000 µm, which was also confirmed with post-imaging histology
(Fig. 4.2A, B). Other fluorescent dyes tested included CellTracker Red (CTR)
(Fig. 4.2E) and DiI (Fig. 4.2F), and similar results were obtained. Compared to
postnatal brains, young adult brains contain mature myelinating oligodendro-
cytes in the corpus callosum and are therefore more light scattering. To confirm
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SVZ visualisation in young adult brains, we injected CTO into the LV of 5 to
8-week-old mice. CTO fluorescence was detected around the LV as well as in
the corpus callosum, resulting from the injection and diffusion of the dye into
adjacent regions (Figs. 4.3A). The THG signal in the CC was more distinguish-
able in young adults than in neonates and extended from ∼1000 µm to ∼1153
µm in depth. Below the CC we found clearly labelled CTO+ cells (Fig. 4.3B, C,
D). For depth measurement, the slightly larger index of refraction in brain tis-
sue (1.35 - 1.40 for the cortex [3, 8] and as high as 1.47 for the white matter [3],
relative to water (∼1.33), resulted in a slight underestimate (5-10%) of the actual
imaging depth within the tissue, because the imaging depths reported here are
the raw axial movement of the objective lens. To provide an upper-bound esti-
mate of the spatial resolution, we measured the lateral brightness distribution
of small features within the adult mouse brain (Fig. 4.4A) at 1039 µm depth. The
full-widths at half maximum (FWHM) of the lateral brightness distributions is
about 0.86 µm (Fig. 4.4B). The axial FWHM value is measured to be around 4.45
µm in pup brain at 1371 µm depth shown in Fig. 4.4C and 4.4D.
To evaluate the cytoarchitecture of the postnatal SVZ, we examined CTO+
cells below the corpus callosum. As examples, at depths of 1288 and 1430 µm,
cells with elongating basal processes, with approximate diameters of 1 µm, were
observed (Fig. 4.5A, B). These cells lined the LV wall, and morphologically re-
sembled radial glial cells (RGC) which are postnatal SVZ stem cells (Fig. 4.5A,
B). Importantly, when we followed these cells to the adjacent striatum, we found
their basal processes in close proximity to blood vessels (Fig. 4.5C), which allows
NSC to be controlled by extrinsic signals from the vascular niche [26, 36]. To
confirm this interaction, 3D reconstructions showed fine processes of NSC sur-
rounding blood vessels (Fig. 4.5D). Direct physical contact between these cells
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Figure 4.4: Intensity profiles of subcellular structures (A-B) The lateral
brightness distribution of small features within the adult
mouse brain (A) at 1039 µm depth and the FWHM of the lateral
brightness distributions (B). (C-D) The axial brightness distri-
bution of small features within the postnatal mouse brain (C)
at 1371 µm depth and the FWHM of the axial brightness distri-
butions (D). Scale bars represent 50 µm in A and C.
was further proved by filament tracking of representative processes (Fig. 4.5E).
Immunohistochemistry further confirmed that the CTO+ cells with NSC mor-
phologies described above expressed GFAP, a protein found in NSC (Fig. 4.5F)
[16].
To follow SVZ lineage progression, we next imaged pups at a later time
point after CTO injection, i.e. P8. Since TAPs are difficult to identify based
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Figure 4.5: 3PM imaging of SVZ and OB cell types (A-C) Representative
3PM images of RGC like neural stem cells at different depths.
Arrowheads indicate neural stem cells. (D) 3D reconstruction
of white matter and SVZ from the depth of 1150-1472 µm. (E)
Filament tracking in 3D reconstruction (D). The thick line in-
dicates a blood vessel and the thin lines indicate individual
cellular processes from different 3PM-imaged NSCs. (F) Im-
munostaining of GFAP in SVZ. The arrowheads indicate the
basal processes of two neural stem cells labelled by both CTO
and GFAP. (G-H) Representative 3PM images of neuroblasts at
the depth of 1386µm in SVZ (G) or 1050µm in OB (H). The ar-
rows indicate neuroblasts. (I) Immunostaining of Dcx in OB
showing CTO+ neuroblasts. (J) 3D reconstruction of SVZ from
the depth of 1271-1325 µm. (K) Immunostaining of Dcx in SVZ.
The arrow indicates a cell with the morphology of a neuroblast.
Scale bars represent 50 µm in A, B, C, G, H, J; 80 µm in D; 100
µm in E; 20 µm in F; 10 µm in I and K.
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Figure 4.6: Immunohistochemistry of P8 OB and adult SVZ (A) Confocal
imaging of a representative brain section labelled with CTO
(red) in the RMS extending into the OB. (B) Immunostaining
of S100 in the SVZ. Arrows indicate ependymal cells. (C) Im-
munostaining of Mash1 in the SVZ. The arrow indicates a tran-
sit amplifying progenitor. (D) Immunostaining of GFAP in the
SVZ. Arrows indicate the neural stem cells. Scale bars repre-
sent 200 µm in A; 10 µm in B, C, D.
on morphology, we chose to examine SVZ neuroblasts which are small bipo-
lar cells with distinctive leading processes. Cells with neuroblast-morphology
were found in the SVZ, for example at a depth of 1386 µm (Fig. 4.5G). CTO
may label multiple cell types in the SVZ rather than revealing lineage progres-
sion. Therefore, to more definitively identify lineage progression, we imaged
CTO+ neuroblasts generated in the SVZ that migrated into the olfactory bulb
(OB) from the RMS. We focused on the OB-core RMS and detected CTO+ cells
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(Fig. 4.6A). These 3PM-detected cells exhibited leading processes (Fig. 4.5H) and
were co-stained with Dcx (Fig. 4.5I), which together supported their neuroblast
identity.
In the adult brain, CTO+ cells also exhibited morphological diversity
(Fig. 4.5J). An example of a 3PM-detected unipolar neuroblast with a leading
process is shown in Fig. 4.5J, and a cell with similar morphology was confirmed
to be a neuroblast with Dcx staining (Fig. 4.5K). Post-imaging immunohisto-
chemical analysis confirmed various other SVZ niche cell types, S100β+ ependy-
mal cells (Fig. 4.6B), Mash1+ TAPs (Fig. 4.6C) and GFAP+ NSC (Fig. 4.6D) and
which were labelled by CTO at 3 days post injection (3dpi) or 17dpi. Condi-
tionally inducible Nestin-CreERT2;Ai9 mice were then used to specifically label
SVZ stem cells and their progeny [20, 24]. Expression of tdTomato was induced
in NSC with tamoxifen injections, and imaging was performed 4 weeks later to
analyse lineage progression (Fig. 4.7A). A dense population of tdTomato+ cells
was observed in the SVZ, surrounded by white matter (Fig. 4.7B). These exper-
iments confirm the CTO data above and show that 3PM can be used to study
live SVZ neurogenesis in this frequently used reporter mouse. Although the
majority of SVZ NSC generate interneurons in the OB, a small proportion of
them contribute to the astrocyte turnover in the corpus callosum [43, 38]. Con-
sistently, tdTomato+ cells were found in the white matter, for example at the
depth of 1037 µm (Fig. 4.7C). Unlike bushy protoplasmic astrocytes, these cells
exhibited fewer but thicker branches (Fig. 4.7C), a feature of fibrous astrocytes
in the white matter [34].
We kept the maximum power at the brain surface to be below 55 mW for all
imaging sessions, and we queried if our in vivo 3PM imaging may cause inflam-
80
Figure 4.7: 3PM imaging of Nestin-CreER2;Ai9 (A) A schematic of the ex-
perimental design. (B) A representative image of the SVZ at
the depth of 1123 µm. (C) A representative image of the corpus
callosum with fibrous astrocytes (yellow) at the depth of 1037
µm. Scale bars represent 50 µm in B and C.
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Figure 4.8: Gliosis analysis in the ipsilateral cortex of 3PM imaged post-
natal pups (A-B) Immunohistochemistry of GFAP in P3 and P8
brain sections. (C-D) Immunohistochemistry of Iba1 in P3 and
P8 brain sections. c′ and d′ are high magnification images of
Iba1+ cells in cortex in c and d, respectively. Scale bars repre-
sent 300 µm in A, B, C, and D; µm in C′ and D′.
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Figure 4.9: Immunohistochemistry of non-imaged brain (A) Immunohis-
tochemistry of GFAP in adult brain sections from mice with
craniotomy surgery, but which did not have 3PM imaging.
Scale bar represents 500 µm.
mation. We investigated cortical gliosis, a hallmark of inflammation, in mice
imaged at different ages. When assessing P3 an P8 pups after acute imaging
with 3PM, we could see neither reactive GFAP+ astrocytes (Fig. 4.8A, B) nor
Iba1+ activated microglia (Fig. 4.8C, D) in the cerebral cortex. Reactive GFAP+
astrocytes were found in the ipsilateral side of the adult cortex at both 3dpi and
17dpi (Fig. 4.10A), however, without obvious inflammation (Iba1) (Fig. 4.10B).
Without 3PM imaging, astrocyte activation was also noticed in animals with
craniotomy surgery (Fig. 4.9A). This is consistent with evidence that open-skull
glass windows, as used here, activate cortical astrocytes [42].
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Figure 4.10: (A) Immunohistochemistry of GFAP in adult brain sections, 3
days or 17 days post injection. (B) Immunohistochemistry of
Iba1 in adult brain sections, 3 days or 17 days post injection.
Scale bars represent 200 µm in A and B.
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4.5 Discussion
In summary, we proved the utility of 3PM to visualise the murine SVZ at dif-
ferent ages. Of note was that multiple means of labelling SVZ cells with dyes
and genetically were compatible with 3PM. SVZ cell type identification has long
been a major challenge for live imaging [19]. Here with 3PM, we successfully
identified multiple cell types based on morphological analysis. Results from
post-hoc immunohistochemistry and multiple labelling techniques show good
morphological concordance between 3PM and histological or ex-vivo detection
of morphological SVZ cell types.
3PM requires robust advanced laser sources which are now available from
commercial suppliers (Coherent and Spectra-Physics). The optical parametric
amplifier systems provided the correct combination of short-pulse duration,
repetition rate and pulse energy required for effective imaging. The higher pen-
etration depth presented further challenges; the non-uniform refractive index
structure of brain means wavefronts of light propagating to the focus can be dis-
torted, resulting in blurred aberrations with reduced intensity. The reduction in
intensity is particularly problematic in 3PM, as the fluorescence excitation effi-
ciency is proportional to the third power of the focal intensity. A 50% drop in
focal intensity causes the fluorescence to drop to 12.5% of its original level. Even
though longer excitation wavelengths are less susceptible to scattering, aberra-
tion effects are significant at depths of 100 s of micrometres to millimetres and
can easily cause a drop in focal intensity to below 10%. There is a solution to
this problem in the form of adaptive optics (AO), whereby active optical ele-
ments, such as deformable mirrors or spatial light modulators, compensate for
the aberrations. Thus, focus can be restored to near ideal state and the excitation
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efficiency improved [9].
In conclusion, we have developed a non-damaging approach to imaging the
live SVZ over multiple ages. This system should be useful for acute imaging of
very rapid cellular events such as changes in calcium concentrations (millisec-
onds to seconds). It could also be suitable for key SVZ cell behaviours such as
migration (minutes to hours) and stem cell activation or proliferation (hours to
days). Similar to [33], 3PM could be used for imaging clonal evolution in home-
ostasis or in models of SVZ gliomagenesis [5]. We predict that 3PM will also
become very useful for imaging and the study of molecular mechanisms and
the response of the SVZ to models and treatment of disease.
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CHAPTER 5
NON-INVASIVE THREE-PHOTON CHRONIC IMAGING OF NEURAL
ACTIVITY IN DROSOPHILA
5.1 Abstract
Animals exhibit changes in neural activity over long time scales, affecting be-
haviours ranging from food foraging to mating drive. A limitation to examin-
ing neural activity chronically in the fly, Drosophila melanogaster, with current
methods is the need to remove the head cuticle and underlying tissue to ac-
cess the brain, a process that damages circulation and restricts the length of
the imaging time. Here, we developed a non-invasive chronic imaging method
for flies that uses three-photon microscopy, and captured neural structure and
activity through the intact fly cuticle. We performed chronic functional imag-
ing of odour-evoked neural activity in the mushroom body Kenyon cells and
found odour responses changed over time; sharp odour evoked responses grad-
ually switched to persistent neural activity. Our results demonstrate that three-
photon microscopy extends the time limits of the current in vivo imaging meth-
ods used in flies for anatomical and functional imaging, and opens up new ways
to chronically capture neural activity from the fly brain.
5.2 Introduction
Animal nervous systems across lineages have evolved to solve many of the
same problems such as foraging for food and water, finding mates to reproduce,
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and avoiding predators to stay alive. They must navigate their environment via
coordinated movements, and learn and remember the relative values of sensory
stimuli around them in order to maximize their fitness and survival. At each in-
stant in time, an animal must evaluate external sensory information based on its
current behavioural state to decide what to do next [35, 22, 11, 6, 20, 18]. A major
technological challenge to revealing how the brain encodes behavioural states
in real time is that even the simplest neural computation involves interactions
across the nervous system at various time scales, while our tools for assessing
neural activity are restricted in time and space because of currently available
imaging sensors, methods, and preparations [14]. Optical methods remain the
most established and fruitful path for revealing population dynamics in neural
circuits at long time scales (ranging from minutes to hours) by providing high
temporal and spatial resolution measurements [17, 33, 13].
The fly, Drosophila melanogaster, offers an ideal experimental system to in-
vestigate neural correlates of behavioural states and decisions because of its
compact nervous system and diverse state-dependent behaviours that it exe-
cutes in response to sensory stimuli [6, 43, 2]. To understand how neural cir-
cuits evaluate sensory information in different behavioural states, it is critical
to capture the activity of the molecularly defined populations of neurons over
long time scales as flies are changing their physiological needs [17, 30]. These
functional imaging experiments require high-speed volumetric imaging meth-
ods and non-invasive imaging preparations, which should allow chronic neural
activity imaging for at least 12 to 24 hours. Current methods used in fly optical
physiology require the fly head cuticle, trachea, and fat body to be removed by
microsurgery to provide optical access to the nervous system [7, 21, 31, 28, 37].
These preparations are limited in imaging duration because after some time, the
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brain tissue starts dying. For example, with current imaging preparations, fly
olfactory neurons show reliable Ca2+ responses for about four to five hours after
surgery [37]. A non-invasive imaging method using long wavelength excitation
and a preparation in which the head cuticle and underlying tissue are left in-
tact, thereby eliminating the need for traumatic head surgery before functional
imaging, is essential for advancing fly neuroscience research in the direction of
chronic recordings of neural activity during ongoing behaviours. This includes
being able to image the same fly brain across multiple days. In mice, multi-day
imaging experiments are achieved by implanting a cranial window following
removal of part of the skull [36, 8]. Similar imaging preparations have been
developed for flies [7, 31, 10]. However, because imaging window implanta-
tion requires a tedious surgery with low success rates, these methods are not
commonly used.
Current developments in long wavelength three-photon microscopy over-
come the limited penetration of two-photon imaging in mice [23, 38, 39, 9].
Three-photon microscopy not only improves the signal-to-background ratio by
several orders of magnitude, but also enables the excitation of conventional
fluorophores and fluorescent proteins using longer wavelengths [38]. Three-
photon excitation at 1300 nm allowed the functional imaging of neurons labelled
with a genetically encoded Ca2+ indicator GCaMP6 in the CA1 hippocampal re-
gion in an intact mouse brain [23, 9]. These results indicate that three-photon
imaging at long wavelength spectral windows opens new opportunities for
non-invasive recording of neuronal activity with high spatial and temporal res-
olution at depths previously inaccessible with optical imaging techniques, such
as two-photon imaging. Recently, three-photon microscopy at 1700 nm excita-
tion has shown promising results in imaging the fly brain through the cuticle
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[34].
Here, we developed a non-invasive, chronic three-photon imaging prepara-
tion for flies to image neural structure and activity through the intact cuticle.
Our method allows short term and chronic functional and structural imaging of
the fly brain without any microsurgery. Using this method, we captured neu-
ral structures of mushroom body Kenyon cells and the central complex ring
neurons with cellular resolution at 1320 nm and 1700 nm excitation. We also
performed short term and chronic functional imaging of odour-evoked neu-
ral activity of Kenyon cell axons comprising the mushroom body γ-lobes us-
ing a genetically encoded Ca2+ indicator, GCaMP6s [3]. Kenyon cells are the
primary intrinsic neurons in the insect mushroom body. Diverse subtypes of
Kenyon cells (n=∼2200) extend their axons along the pedunculus and in the dor-
sal and medial lobes [32, 5, 12]. These neurons receive and integrate information
from heterogeneous sets of projection neurons which carry olfactory, gustatory,
and visual sensory information [42, 24]. In our chronic three-photon functional
imaging experiments, we found that odour responses in the mushroom body γ-
lobes change with time; sharp odour evoked responses gradually transition to
persistent neural activity which outlast the odour stimulus. Our three-photon
imaging method thus enables measurements of neural activity over long time
scales within an individual animal to capture changes in circuit function, which
may reflect alterations in internal physiological state, familiarity/novelty to a
sensory stimulus due to habituation or learning and/or alterations in neural ac-
tivity during sleep-waking cycles. We expect that the methods presented here
will significantly improve the current in vivo methods that are used for anatom-
ical and functional imaging in fly neuroscience.
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5.3 Results
5.3.1 Long-wavelength three-photon excitation allows non-
invasive structural imaging of the fly brain
To develop a non-invasive imaging preparation using three-photon excitation,
we first tested the transmission efficiency of long-wavelength lasers through
the fly head cuticle. Previous experiments showed that the dorsal head cuticle
of flies transmits light with an increasing efficiency at higher wavelengths [15].
To measure the transmission efficiency of a long wavelength lasers through the
cuticle, we dissected the head cuticle, mounted it between two glass coverslips,
and placed it in the beam path between the laser source and the photomultiplier
tube (PMT). The transmission through the head cuticle was ∼ 60% at 1300 nm
and 1700 nm.
Next, we used a custom-built multiphoton microscope equipped with a
wavelength-tuneable three-photon laser system to image the brain in head-fixed
flies in vivo (Fig. 5.1a, Methods). We expressed membrane tagged GFP or RFP
selectively in mushroom body Kenyon cells and imaged the fly brain through
the cuticle (Fig. 5.2 and Fig. 5.3). Mushroom body Kenyon cells are a bilaterally
symmetric group of neurons that are subdivided according to their axonal tra-
jectories. The cell bodies of these neurons are located in the calyx (Fig. 5.2 b).
Kenyon cell axons fasciculate into anatomically distinct structures called lobes,
with dorsal lobes forming α and α′ branches, and the medial lobes containing
β, β′, and γ branches [5, 12, 44]. Using three-photon microscopy with both 1320
nm and 1700 nm excitation, we were able to visualize different anatomical com-
98
Figure 5.1: Three-photon scanning microscope system for imaging
anatomical structures of the fly brain through the cuticle (a)
Schematic of the three-photon microscope setup. Fly head is
fixed to a cover slip and placed under the objective. The scan
lens is a C-coated achromat for high transmission (97%) at
1700 nm, and the transmission of the tube lens is 82%. We use
a custom high NA water immersion microscope objective (XL
Plan N, Olympus, 25×1.05 NA), which is specially coated for
high transmission (83%) at 1700 nm (HWP: half-wave plate,
PBS: polarization beam splitter, PMT: photomultiplier tube).
The imaging window on the fly head is shown in the picture
in panel a (lower-left). (b) Uncompressed and compressed
fly head visualized under a fluorescent dissecting microscope
(scale bar = 100 µm). The same fly and lamp brightness
were used to construct both images. The uncompressed and
compressed head images are the average of 57 and 85 frames,
respectively. Each averaged image was contrast enhanced
(saturated pixels = 0.3%, histogram equalized) and de-noised
(bright outliers removed with a pixel radius of 5 and a
threshold of 5) using the ImageJ Remove Outliers function.
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Figure 5.2: Three-photon structural imaging of the mushroom body
through the cuticle with 1320 nm excitation. (a) Cross section
images of the mushroom body (MB) lobes through the cuticle
at 1320 nm (green). Third harmonic generation (THG) imaging
visualizes the tracheal arbours (yellow). White arrows indicate
different MB compartments that are identified. (b) 3D recon-
struction of the z-stack images in Fig. 5.2a, GFP (upper panel),
and THG (lower panel) (scale bars= 30 µm).
partments of the mushroom body. We acquired 120 µm stacks starting from the
deepest structures we can detect and move to shallower areas in 1 µm depth in-
crements and ended outside of the cuticle (Fig. 5.2 and Fig. 5.3). The calyx and
axonal tracts along the peduncle were clearly visible as well as the dorsal and
medial lobes containing α/ α′ and β/β′ and γ branches, respectively (Fig. 5.2 a
and Fig. 5.3 a). We also measured the lateral brightness distribution of small
features in the fluorescent and third harmonic generation (THG) signals, which
sets an upper bound on the lateral resolution value. The full-widths at half-
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Figure 5.3: Three-photon structural imaging of the mushroom body
through the cuticle with 1700 nm excitation. (a) Cross section
images of the mushroom body (MB) lobes through the cuticle
at 1700 nm excitation. Arrows indicate different MB compart-
ments that are identified (scale bars= 25 µm). (b-c) The RFP and
THG profiles of small features (magenta) and the surrounding
trachea (yellow) with 1700 nm excitation. Lateral intensity pro-
files measured along the white lines are fitted by a Gaussian
profile for the lateral resolution estimation (scale bars=10 µm).
maximum (FWHM) of the lateral brightness distributions are ∼0.83 µm for the
small features detected in the fluorescent signal at 1700 nm excitation (Fig. 5.3
a). In addition to the fluorescent signal, adipose, epithelial-like tissues, and tra-
cheal branches surrounding the mushroom body lobes produced a bright THG
signal (yellow) [1] (Fig. 5.2 a, and Fig. 5.3 a mid panel). The endothelium-like
sheet covering the brain was most apparent right below the cuticle at 28 µm
depth (Fig. 5.2a mid panel). We measured the lateral resolution of the THG sig-
nal using the smallest tracheal branches and found it to be ∼0.85 µm, similar to
the lateral resolution of the fluorescence image at 1700 nm excitation (Fig. 5.3 c).
Next, we imaged the central complex, another higher order processing cen-
tre, that is located in the dorsal and medial part of the fly brain (Fig. 5.4). The in-
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Figure 5.4: Three-photon structural imaging of the central complex
through the cuticle with 1320 nm excitation. (a) Cross section
imaging of the central complex (CC) ring neurons through the
cuticle with 1320 nm excitation (green). Third harmonic gener-
ation (THG) imaging visualizes the tracheal arbours (yellow).
Arrows indicate different CC compartments that are identified.
(b) 3D reconstruction of the z stack images in Fig 5.4a, GFP (up-
per panel) and THG (lower panel) (scale bars= 30 µm). (c-d)
The GFP and THG profiles of CC ring neurons (green) and the
surrounding trachea (yellow). Lateral intensity profiles mea-
sured along the white lines are fitted by a Gaussian profile for
the lateral resolution estimation (scale bars=20 µm).
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Figure 5.5: Three-photon structural imaging of the fly brain through the
cuticle with 1320 nm and 1700 nm excitation. Cross section
imaging of the fly brain through the cuticle at 1320 nm. (a)
Mushroom Body (MB) lobes (green) and (b) Central Complex
(CC) ring neurons (green) are imaged at different depths. Third
harmonic generation (THG) imaging visualizes the tracheal ar-
bours (yellow). Arrows indicate different MB and CC com-
partments that are identified with 3P imaging (scale bars= 25
µm). (c) Central Complex (CC) ring neurons expressing RFP
are imaged with 1700 nm excitation (magenta). Third harmonic
generation (THG) imaging visualizes the tracheal arbours (yel-
low). Arrows indicate different MB and CC compartments that
are identified with the 3P imaging (scale bars= 25 µm).
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sect central complex is a highly interconnected brain neuropil which processes
sensory information and guides a diverse set of behavioural responses which
include navigation, walking initiation, and turning direction [40, 25, 29]. It is
composed of functionally distinct, but anatomically connected compartments:
the protocerebral bridge, ellipsoid body, fan-shaped body, and the paired noduli
[40]. The ellipsoid body consists of a group of neurons, the ring neurons, that
extend their axons to the midline and form a ring-like structure that is com-
posed of different layers [40, 25, 41]. Using a central complex specific promoter,
we expressed membrane tagged GFP or RFP in the fly brain and imaged the
ring neurons through the cuticle at 1320 nm and 1700 nm excitation (Fig. 5.4
a,b and Fig. 5.5 c). Ring neuron cell bodies, as well as the lateral triangle and
the ellipsoid body layers, were clearly visible in both GFP and RFP fluorescent
images (Fig. 5.4 a, b and Fig. 5.5 c). The FWHM of the lateral brightness distri-
bution measured by a ring neuron′s neurite cross section was ∼1.24 µm for the
fluorescent signal (Fig. 5.4 c) and ∼0.79 µm for tracheal branches captured by
the THG signal (Fig. 5.4 d). We also repeated our three-photon imaging exper-
iments using a fibre laser-amplifier system with an integrated infrared optical
parametric amplifier (OPA, KM Labs). The results are comparable to what we
obtained previously (Fig. 5.5 a,b and Methods), indicating that a more compact,
less powerful source is adequate for imaging fly brain structures with three-
photon microscopy. Our results demonstrate that non-invasive three-photon
microscopy is able to capture single neurons and fine anatomical structures
within the mushroom body and central complex at resolutions comparable to
the open cuticle preparations using two-photon microscopy [37].
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Figure 5.6: Three-photon functional imaging of odour-evoked responses
of the mushroom body Kenyon cells. (a) Schematic of the
custom made olfactometer. This olfactometer is used to puff
odours to the fly that is placed on a water-immersed ball for
functional Ca2+ imaging using GCaMP6s. An Arduino board
synchronizes the FLIR Black Fly S Camera to capture fly be-
haviour. ScanImage software is used to control PMTs and to
capture images at 2.13 Hz at 512x256 resolution. (b) Stimulus
timeline. Flies were stimulated with air (50s), before and af-
ter the odour stimulus (3s). Each trial lasted 103s. Flies were
stimulated 5 times using the same odour stimulus scheme. (c)
Picture of the head fixed fly on the ball under the three-photon
microscope. The coloured dots show the body parts that were
tracked and used to train the DeepLabCut neural network.
5.3.2 Three-photon imaging at 1320 nm allows functional
imaging of odour-evoked responses of mushroom body
Kenyon cells through the head cuticle
We next tested the applicability of three-photon microscopy to capturing neu-
ral activity in the fly brain through the intact cuticle. In these experiments, a
custom odour delivery and behaviour system were used, where flies were head
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Figure 5.7: Three-photon functional imaging of odour-evoked responses
of the mushroom body Kenyon cells. (a) Schematic of the
mushroom body anatomy indicating the location of α, β and
γ lobes (b) γ lobes have discrete anatomical compartments
(shown for γ2-γ5). (c) GCaMP6s is expressed in Kenyon cells
using a Mef2-promoter. Normalized (∆Fmax/F0) GCaMP6s sig-
nal is shown before (left) and after (right) odour stimulus. (d)
Quantification of the normalized (∆Fmax/F0) GCaMP6s signal
over time in each discrete γ-lobe compartment. Grey bar indi-
cates when the odour stimulus is present (scale bar= 20 µm). (e)
Peak normalized (∆Fmax/F0) GCaMP6s signal in each discrete
γ-lobe compartment. One-way ANOVA followed by Tukey′s
multiple comparison tests, ns = not significant.
fixed but otherwise free to move on a polymer ball under the three-photon mi-
croscope (Fig. 5.6 a). We expressed GCaMP6s selectively in Kenyon cells and
stimulated the fly olfactory sensory organ, the antenna, with the food odour,
apple cider vinegar (Fig. 5.6 b). Using a three-photon scanning microscope at
1320 nm excitation, odour evoked Ca2+ responses of mushroom body γ-lobes
(Fig. 5.7 c) were captured at 512x256 pixel resolution and 2.13 Hz frame rate
through the head cuticle. A brief 3s odour stimulus triggered a robust fluo-
rescence increase in Kenyon cell axons comprising the mushroom body γ-lobes
(Fig. 5.7 d). Kenyon cell axons are innervated by distinct subsets of dopamin-
ergic neurons, which carry positive and negative contextual information to the
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Figure 5.8: HSP70 staining of fly brains to investigate heat induced stress
response after three-photon with 1320 excitation. (a) Negative
control and (b) positive control for HSP70 staining. (a) Without
heat shock there is minimal HSP70 protein expressed in the fly
brain. (b) When flies are exposed to heat (30◦C) for 1 hours,
HSP70 protein level are significantly elevated across the brain.
(c-d) HSP70 protein levels in brain without (c) and with (d)
1320nm laser exposure. There is no obvious change in HSP70
protein levels after three-photon imaging (scale bars= 50 µm).
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mushroom body depending on a fly′s previous experiences. Based on dopamin-
ergic innervation, γ-lobes can be subdivided into five anatomical compartments
[4]. To determine whether the localized dopaminergic input along the Kenyon
cell axons resulted in differential olfactory responses in the γ-lobes, we calcu-
lated the normalized peak fluorescent signal in each compartment of the γ-
lobes. We found no differential responses in peak ∆Fmax/F0 amplitude to food
odour across different compartments (Fig. 5.7 d,e). These results suggested
that three-photon microscopy with 1320 nm excitation is effective in capturing
odour evoked Ca2+ responses in the mushroom body neurons through the in-
tact head cuticle, and achieves temporal and spatial resolutions comparable to
two-photon microscopy. We also carried out immunostaining of fly brains and
checked for stress responses to laser exposure at 1320 nm three-photon excita-
tion using a HSP70 antibody as a marker for heat-induced responses in glial
cells and neurons [26, 16]. Our results showed that there was no obvious tissue
damage and heat-stress response under the imaging conditions used for activity
recording in this study (Fig. 5.8).
5.3.3 Three-photon imaging of neural activity captures changes
in odour evoked responses of Kenyon cells over long-time
scales
Studying how neural circuits change activity during learning or in alternating
behavioural states requires non-invasive chronic imaging methods that permit
recording neural activity over long time scales. Leveraging the non-invasive
nature of our preparation, we pushed the limits of functional imaging of the
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Figure 5.9: Chronic three-photon imaging of odour-evoked responses of
the mushroom body Kenyon cells (a) Stimulus timeline for
chronic odour imaging. GCaMP6s signal is captured from
Kenyon cells axons innervating mushroom body γ-lobes. Nor-
malized ∆Fmax/F0 signal is shown before (left) and after (right)
the odour stimulus (scale bar= 20 µm). (b-e) Quantification of
the normalized ∆Fmax/F0 signal over time in each γ-lobe com-
partment. Each lobe′s response is colour coded differently.
Grey bar indicates when the odour stimulus is present. Each
grey line indicates the average response of a fly over multiple
trials in a given hour. The average response of 3 flies is shown
with a particular colour for each compartment.
109
Figure 5.10: Chronic three-photon imaging of odour-evoked responses of
the mushroom body Kenyon cells (a) Quantification of the
peak amplitude (∆Fmax/F0). (b) Area under the curve (AUC)
after the odour stimulus for each compartment of the γ-lobes
(Two-way repeated measures ANOVA. Data are presented as
mean ± SEM, ns= not significant, ***=p<0.001, n=3 flies, 3-5
trials per time point).
fly brain in response to odour stimulation to longer time scales (12 hrs). Using
our custom odour delivery system, we stimulated the fly antenna with apple
cider vinegar in ∼10 minute imaging sessions every four hours and captured
how odour responses change over time as the fly was food and water deprived
(Fig. 5.9 a). During these experiments, we captured the fly′s behaviour in par-
allel with the odour stimulation to assure that the fly stayed alive (Fig. 5.11). To
determine the absolute signal level during chronic imaging, we first calculated
the photon counts for representative trials at each time point from the mush-
room body γ2 compartment. The photon counts per pixel per second had mag-
nitudes above baseline similar to previously reported levels for three-photon ex-
citation of GCaMP6 protein in the mouse brain [23, 39] (Fig. 5.12). Next, for each
time point, we calculated the normalized peak fluorescent signal and the area
under the normalized fluorescence curve, as metrics representing the odour re-
sponse strength and persistence during chronic imaging, respectively (Fig. 5.9b-
e). Our analysis shows that the peak response to food odour did not change
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Figure 5.11: Fly motion traces during chronic imaging. (a) Picture of the
head fixed fly on the polymer ball under the three-photon mi-
croscope. The coloured dots show the body parts that were
tracked and used to train the DeepLabCut neural network.
(b-c) The speed of indicated legs during the odour stimulus
trials. Grey bar indicates when the stimulus is present. Speed
is calculated as arbitrary units per second (AU/s).
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with food and water deprivation in any of the γ-lobe compartments (Fig. 5.10
a). However, the persistence of the odour evoked Ca2+ response in all of the
γ-lobe compartments increased as the experiment progressed (Fig. 5.10 b). We
especially noticed a change 4 hours after the first odour trial, which may reflect a
critical state change in the nervous system in response to repeated odour stimu-
lation, food and water deprivation, or association between the stimulus and the
animal′s internal physiological or arousal state. Flies continued to show robust
calcium activity for at least 4 hours after the change in dynamics, and our be-
havioural data suggest that the fly is active throughout the experiment. These
results demonstrate that three-photon non-invasive imaging of the fly brain al-
lows recording of neural activity within an individual fly over long-time scales,
which was previously not possible with open-cuticle preparations.
5.4 Discussion
Plasticity in neural states and the ability to learn and remember relevant infor-
mation are hallmarks of nervous systems, and allow animals to adapt and re-
spond to dynamic environments. Investigating how neural states, learning, and
memory are encoded in neural circuits requires tracking the activity of neurons
over long time scales up to many hours. The three-photon imaging method
developed here significantly extends the time frame of current in vivo imag-
ing preparations used for anatomical and functional studies in fly neuroscience.
Non-invasive chronic imaging of the fly brain will allow us to capture the activ-
ity of neural populations in changing behavioural states; facilitate decoding of
neural plasticity during memory formation; and permit observation of changes
in brain structures during development and aging. Our first biological applica-
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Figure 5.12: Three-photon imaging of odour-evoked neural activity in
GCaMP6s-labeled Kenyon cells forming mushroom body γ-
lobes. Average power of ∼20 mW at 1 MHz repetition rate
was used for imaging. The four plots show the activity of
the γ2-compartment in fly#2 in a single trial across different
time points. The fluorescence intensity is converted to photon
counts per frame in the selected ROI.
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tion of in vivo three-photon microscopy captures interesting initial observations
of how odour responses evolve in Kenyon cells comprising mushroom body γ-
lobes, after repeated exposure to a food odour, apple cider vinegar. Our results
suggest that sharp odour evoked responses gradually transition to persistent
neural activity. We hypothesize that these changes in odour-evoked activity of
Kenyon cells might reflect internal physiological or arousal state changes driven
by food/water deprivation or sleep-waking cycles during chronic imaging, or
alternatively, changes in the novelty of the food odour with repeated applica-
tion during the experiments. Further experiments will aim to understand the
origins of persistent neural activity and the molecular mechanisms that medi-
ate it. While our focus here is to develop chronic in vivo three-photon imaging
methods for fly neuroscience research, we anticipate that there will be a wide
variety of uses for this technology in other insect models including mosquitoes,
honey bees, and ants in the near future.
5.5 Methods
5.5.1 Fly stocks
Flies were maintained on conventional cornmeal-agar-molasses medium at 23-
25◦C and 60-70% relative humidity, under a 12hr light: 12hr dark cycle (lights
on at 9 A.M.). Fly strains and sources: Mef2–GAL4.247 (Bloomington # 50742);
GMR15B07-GAL4 (Bloomington # 48678), 10XUAS-IVS-mCD8::GFP (Blooming-
ton # 32186); 10XUAS-IVS-mCD8::RFP (Bloomington # 32219); 20XUAS-IVS-
GCaMP6s (Bloomington # 42746).
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5.5.2 Fly in vivo imaging preparation.
All animals used for imaging experiments were male flies with indicated geno-
types kept in 25◦C incubators ad libitum. Flies used for chronic functional exper-
iments were 2-7 days old, and flies used for short term functional experiments
were 1-4 days old. To perform intact brain imaging, flies were first temporarily
head-fixed in a fly holder. A drop of UV curable resin (Liquid plastic welder,
Bondic) was applied to the head and thorax, which was then cured with blue
light (∼470 nm) and fused to a cover glass. Lightly pressing the head against the
glass with forceps during the curing process typically improved image quality
(Fig. 5.1 b). Fly proboscises were immobilized with blue light curable resin to
minimize head motion caused by muscle contractions. For short term imaging,
flies were food deprived for 16-24 hours in vials with a wet Kim wipe. Flies
used in long term functional imaging experiments were fed 100 mM sucrose
just before the first trial to assure that the flies were in a fed state.
5.5.3 Immunohistochemistry for tissue damage assessment.
To investigate laser-induced stress in the brain during three-photon imaging
through the intact head cuticle, 1-2-day old male homozygous MB>GCaMP6s
flies were imaged continually at 1320 nm for 10 minutes. The laser was fo-
cused 70 µm below the cuticle with ∼15 mW average power. Flies were head
compressed and fed 100 mM sucrose before imaging to reproduce actual exper-
imental conditions. A control group was prepared under the same conditions,
but was not exposed to laser excitation. Laser exposed and control brains were
dissected approximately 2 hours after mounting. To test HSP70 antibody effi-
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cacy on fly brains, a positive control group of flies were first exposed to 30◦C for
1 hour in a shaking incubator to induce HSP70 expression. These flies were then
dissected along with a negative control group of flies that were kept at room
temperature for 1 hour. For whole mount staining, brains were dissected in
phosphate-buffered saline (PBS) and incubated in 4% paraformaldehyde (PFA)
in PBS for 20-30 minutes at room temperature on an orbital shaker. Tissues were
washed 3-4 times over 1 hour in PBS (calcium- and magnesium-free; Lonza
BioWhittaker #17-517Q) containing 0.1% Triton X-100 (PBT) at room tempera-
ture. Samples were blocked in 5% Normal Goat Serum in PBT (NGS-PBT) for
1 hour and then incubated with primary antibodies diluted in NGS-PBT for
24 hours at 4◦C. Primary antibodies used were anti-GFP (Torrey Pines, TP40,
rabbit polyclonal, 1:1000), anti-Brp (DSHB, nc82, mouse monoclonal, 1:20), and
anti-HSP70 (Sigma, SAB5200204, rat monoclonal, 1:200). The next day, samples
were washed 5-6 times over 2 hours in PBT at room temperature and incubated
with secondary antibodies (Invitrogen) diluted in NGS-PBT for 24 hours at 4◦C.
On the third day, samples were washed 4-6 times over 2 hours in PBT at room
temperature and mounted with VECTASHIELD Mounting Media (Vector Labs,
Burlingame, CA, USA) using glass slides between two bridge glass coverslips.
The samples were covered by a glass coverslip on top and sealed using clear
nail polish. Images were acquired at 1024x1024 pixel resolution at ∼1.7 µm in-
tervals using an upright Zeiss LSM 880 laser scanning confocal microscope and
Zeiss digital image processing software ZEN. Maximum projection images of
Z-stacks were generated in the ZEN image-processing software. The power,
pinhole size and gain values were kept the same for all imaged brains during
confocal microscopy.
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5.5.4 Odour delivery.
Food odour, apple cider vinegar, was delivered using a custom built olfactome-
ter as described previously [27]. Clean room air was pumped (Active Aqua
Air Pump, 4 Outlets, 6W, 15 L/min) into the olfactometer, and the flow rate
was regulated by a mass flow controller (MC Standard Series Mass Flow Con-
troller, Alicat Scientific). Two Arduino controlled 3-way solenoid valves (3-Way
Ported Style with Circuit Board Mounts, LFAA0503110H) controlled air flow.
One valve delivered the odorized airstream either to an exhaust outlet or to
the main air channel, while another valve directed air flow either to the stimu-
lus or control channel. The stimulus channel contained a 50 ml glass vial con-
taining undiluted apple cider vinegar (volume=10 ml) (Wegmans), while the
control channel contained a 50 ml glass vial containing mineral oil (volume=10
ml). For odour stimulation experiments, flies were placed approximately 1 cm
from a clear PVC output tube (OD = 1.3 mm, ID = 0.84 mm), which passed a 1
L/min air stream to the antennae. The odour stimulus latency was calibrated
before the experiments using a photo ionization detector (PID) (Aurora Scien-
tific). We sampled odour delivery using the PID every 20 ms and found average
latency to peak odour amplitude was < 100 ms across 34 measurements. Each
odour stimulation trial consisted of 50 seconds of clean mineral oil, 3 seconds
of undiluted apple cider vinegar stimulus, and another 50 seconds of mineral
oil. Between trials, scanning was stopped for 20 seconds to minimize the risk
of imaging-induced tissue stress. Five trials were performed sequentially, and
for chronically imaged flies, the five-trial block was repeated every four hours.
Between trial blocks, scanning was stopped, and air passing through the stimu-
lation tube was redirected to the exhaust valve to prevent desiccation. To further
prevent desiccation, flies were placed on a water-absorbing polymer bead. Fly
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behaviour was videotaped from the side to capture any movement by a CCD
camera (FLIR, Blackfly S, BFS-U3-13Y3M-C) equipped with a 1.5-megapixel
macro lens (Computar, COM MLM3X-MP, 3X Macro Zoom). We captured fly
behaviour with videos at 4.3 Hz speed using the Spinnaker SDK (Flor) image
acquisition software under IR light illumination.
5.5.5 Three-photon microscopes and laser sources.
Excitation source (Figure 5.2- 5.6 and Figure 5.5c): The excitation source is
a wavelength-tuneable optical parametric amplifier (OPA, Opera-F, Coherent)
pumped by a femtosecond laser with a MOPA (Master Oscillator Power Am-
plifier) architecture (Monaco, Coherent). A prism pair (10SF10, Newport) and a
silicon wafer are used to compensate for the dispersion of the optics of the light
source and the microscope including the objective, for 1320 nm and 1700 nm,
respectively. The laser repetition rate is maintained at 1 MHz for both structure
imaging and activity imaging.
Imaging setup (Figure 5.2- 5.6 and Figure 5.5c): The images were ac-
quired with a custom-built multiphoton microscope. The scan lens is a C-coated
achromat (AC254-030-C-ML, Thorlabs) for high transmission at 1700 nm and
at 1320nm, and the transmission of the tube lens (Sutter Instrument) is 82%.
For imaging experiments that use RFP, we used a custom high numerical aper-
ture (NA) water immersion microscope objective (Olympus XLPLN25XWMP2,
25X, NA 1.05), which is specially coated for high transmission (83%) at 1700
nm. For imaging experiments that use GFP and GCaMP6s, we used a custom
high numerical aperture (NA) water immersion microscope objective (Olym-
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pus XLPLN25XWMP2, 25X, NA 1.05), which is specially coated for high trans-
mission (∼ 70%) at 1320 nm. 2 detection channels were used to collect the
fluorescence signal and the third harmonic generation (THG) signal by pho-
tomultiplier tubes (PMT) with GaAsP photocathode (H7422-40, Hamamatsu).
For GFP and GCaMP6s imaging at 1320 nm, fluorescence signal and THG sig-
nal were selected by a 520/60 nm band-pass filter (FF01-520/60-25, Semrock)
and a 435/40 nm band-pass filter (FF02-435/40-25, Semrock), respectively. For
RFP imaging at 1700 nm, we used a 593 nm long-pass filter (FF01-593/LP-25,
Semrock) for fluorescence and a band-pass 562/40 nm filter (FF562/40-25, Sem-
rock) for THG collection. For signal sampling, the PMT current is converted to
voltage and low-pass-filtered (200 kHz) by a transimpedance amplifier (C7319,
Hamamatsu). Analog-to-digital conversion is performed by a data acquisition
card (NI PCI- 6110, National Instruments). The signal acquisition system dis-
played shot-noise limited performance, and light shielding was carefully done
to achieve dark counts of 20-40 photons per second under actual imaging con-
ditions without laser scanning. ScanImage 5.4 (Vidrio Technologies) running on
MATLAB (MathWorks) was used to acquire images and control a 3D transla-
tion stage to move the sample (MP-285, Sutter Instrument Company). All imag-
ing depths and thickness are reported in raw axial movement of the motorized
stage, unless otherwise stated.
Excitation source (Figure 5.5a, 5.5b): The laser used as the excitation source
for three-photon microscopy (3PM) is an optical parametric amplifier (OPA, KM
Labs), pumped by the KM Labs Y-FiTMHP. A two-prism glass compressor (SF 10
glass) is used to compensate for the normal dispersion of the optics of the light
source and the microscope. The Y-FiTM OPA has an operating wavelength cen-
tred at 1300 nm and output an average power of ∼ 400 mW (∼ 0.4 µJ at 1 MHz
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repetition rate). Pulse duration is less than 150 fs. Power control of the laser was
achieved using a half wave plate (HWP) (Thorlabs) and a polarizing beam split-
ter cube (PBS) (Thorlabs) and ScanImage module for MATLAB (Mathworks).
Imaging setup (Figure 5.5a, 5.5b): Images were acquired using a custom-
built multiphoton microscope with a pair of galvanometric scanners (Cam-
bridge Technology). The objective used was a high numerical aperture water
immersion objective (Olympus XLPLN25XWMP2, 25X, NA 1.05). Signal from
specimens was collected through the objective and then reflected by multiple
dichroic beam splitters. (FF01-520-Di02- 25 x 36, Semrock, and FF484-Di01-
25 x 36, Semrock) to the detectors. The two-channel detection system consists
of a green fluorescence signal and third harmonic generation (THG). ScanIm-
age was used to control the ILS100CC motorized translation stage from (New-
port). High-resolution structural images were typically taken with 512x512 pix-
els/frame, 0.24 Hz frame rate, and multiple frame averages at each depth. Pho-
ton counting: To show the absolute signal strength in the unit of photon count
rate, pixel values are multiplied by a calibration factor, which is obtained by tak-
ing the ratio of the photon count rate with a photon counter (SR400, Stanford
Research Systems) and the average pixel value, simultaneously recorded on a
uniform fluorescein sample.
5.5.6 Data analysis
Resolution measurements: We measured the lateral brightness distribution of
small features within both the GFP and RFP labelled fly brains, which sets an
upper bound on the lateral resolution value. Lateral intensity profiles measured
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along the white lines (Fig. 5.3 b,c and Fig. 5.4 c,d) were fitted by a Gaussian pro-
file for the estimation of the lateral resolution. Image processing for structural
imaging. TIFF stacks containing fluorescence data were converted to 8 bits.
When necessary, stacks were registered using the TurboReg plugin in ImageJ.
Images shown in Fig. 5.2- 5.4 are an average of 3 z-stacks spanning 3 microns.
3D reconstructions of the z-stacks were generated using the Imaris v9.2, Bit-
plane Inc., software available at http://bitplane.com. Images shown in Fig. 5.5
are an average of 15 z-stacks spanning 15 microns.
Image processing for activity recordings. TIFF stacks containing fluores-
cence data were converted to 32 bits, and pixel values were left unscaled. When
necessary, stacks were registered using the TurboReg plugin in ImageJ. To com-
pute ∆Fmax/F0 traces, γ-lobe ROIs were first manually selected using a custom
Python script. A Gaussian filter with pixel radius of 1 was applied to each
frame. F0 was computed as the average of 10 frames preceding stimulus onset.
The F0 image was then subtracted from each frame, and the resulting image
was divided by F0. The resulting trace was then low-pass filtered by a moving
mean filter with a window size of 3 frames. Data were analysed using Python
(code available upon request) and plotted in Microsoft Excel. Peak ∆Fmax/F0
was determined by the peak value within 20 frames after odour delivery. We
measured the persistence as the total area under the normalized curve after the
peak ∆Fmax/F0 value. To prevent underestimating persistence as a result of neg-
ative values in the ∆Fmax/F0 trace, values that followed a zero-crossing were set
to zero. Averaged traces were manually inspected for each lobe and trial block,
and rejected if peak ∆Fmax/F0 was lower than the noise detected in the entire
trial. These traces had lower than 0.1 peak ∆Fmax/F0 value. These accounted for
less than 15% of the total trials in three flies tested for chronic imaging.
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Fly movement analysis: Fly motion traces were obtained using the DeepLab-
Cut tracking program [19]. To train the network, we manually annotated move-
ment in the fly bodies and legs for 340 frames across multiple cropped and
contrast-enhanced videos. The data shown in Figure 5.11 show the activity
of front tarsi or hind legs.
5.5.7 Statistical analysis
All statistical analyses were performed using Prism V8.0.1 (GraphPad). Data
collected in functional imaging experiments are shown as mean ± SEM. Details
of statistical methods are reported in the figure legends. Statistical significance
in chronic imaging across time points and in different mushroom body com-
partments were determined with a two-way repeated measures ANOVA.
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